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11. INTRODUCTION
The Borborema Pegmatite Province (BPP) in North-eastern Brazil (Figure 1) is known
for many different localities of lithium-, niobium- and tantalum-rich pegmatite
deposits.
Figure 1. Simplified geological map of the Seridó belt within BPP with the different lithologies and
locations where samples have been taken for dating. Locations of the Altim and Tamanduá localities
that this paper is focusing on are displayed in blue and red respectively. Modified after Lima (1980),
Da Silva (1993) and Baumgartner (2006).
Most of the BPP pegmatites are categorized as REL-pegmatites (Rare Element
Pegmatites). The BPP pegmatites are further divided into different pegmatite types:
(1) according to Cunha e Silva (1983); stanniferous, berylliferous, tantaliferous, Ta-
Be-pegmatites and REE-pegmatites (Figure 2a). (2) According to Beurlen et al. (2014)
the pegmatite types are divided into; complex Ta-Li-Cs-, Be-Li-Ta-, Be-Nb-P-, Be-
columbite-(Fe)-pegmatite types. But a regional distribution of the different pegmatite
types is hard to accurately depict as there is a lot of regional overlapping of the
different pegmatite types (Figure 2b).
2Figure 2. Regional distribution of pegmatite types a) according to Cunha e Silva (1983) and b)
pegmatite source schematic with a complex distribution model due to overlapping. Images modified
from Beurlen et al. (2014).
The BPP pegmatite deposits have been know and exploited already during World War
I when they were exploited for white mica and later mined for Ta-ore of which the
BPP is now best known for (Beurlen et al., 2014). The heterogeneous pegmatites from
the BPP are the ones that are considered economically most valuable and usually occur
as lens-shaped bodies while the homogeneous ones are usually found as vertical dykes
protruding from the ground due to their resistance to weathering. The heterogeneous
pegmatites are characterized by internal zoning (Beurlen et al., 2014).
Figure 3. The figure shows the distribution of various pegmatites and their classification within the
BPP. Figure by Baumgartner et al. (2006).
3The pegmatites are believed to have been formed as a result of rapid crystallization of
highly undercooled, H2O undersaturated and highly viscous peraluminous melts (Fenn
and Swanson, 1992). Although the model presented by Fenn and Swanson (1992) does
give a plausible formation explanation it does not, however, explain (1) as to why there
is an almost monomineralic quartz core, (2) the different localities of the pegmatites
in the BPP area, (3) the long travel distance from the granitic source contrary to normal
behaviour of highly viscous matter (Beurlen et al., 2014). The Borborema Province
pegmatite have most likely formed as a result of the granitic intrusion events (G1–G4)
that took place in the vicinity of the area. The age of the pegmatitic granites found in
the area has been determined from uraninite and xenotime crystals (U/Pb dating) in
the granite to be 520 ± 10 Ma of age which matches more recent Ar/Ar (509 Ma) and
U/Pb (525 Ma) (Figure 1) ages measured from mica and columbite-group minerals
respectively (Beurlen et al., 2014). However, the pegmatites appear to have a larger
spread in ages than the measured 509–525 Ma by Baumgartner et al. (2014). REL-
pegmatite ages between 460 and 580 Ma have been presented by other authors
(Almeida et al., 1968; Ebert 1970; Jardim de Sá, 1994; Beurlen et al., 2009; Santiago
et al., 2014) although the wide range of formation ages is most like related to analytical
errors from older studies and not from the formation time of pegmatites as pegmatites
have been presented to have crystallization times of only a few thousand years to a few
weeks (Webber et al., 1999; Beurlen et al., 2014).
The pegmatite deposits in the BPP that we are focusing on in this study are Altim (Al)
and Tamanduá (Tm) (Figure 1 and Figure 2), located in the southeast and northwest
respectively of each other located within the Seridó formation (Seridó belt) in the BPP
Figure 1). The aim of this study is to characterize the fluid types and fluid compositions
within the growth zones of the studied samples from the two rare-element pegmatite
bodies with Nb-Ta mineralization and furthermore to constrain the pressure-
temperature formation conditions of the rare-element pegmatite deposits. The
combined analyses of microthermometry and LA-ICP-MS are needed to establish the
salinity (23Na-content) and the major- and trace-elements respectively in the studied
fluid  inclusions.  Combining  the  trace-element  and  PT  data  from  our  samples  with
earlier studies of the pegmatites in the Borborema Province we can possibly determine
the evolution of our fluids and how our samples relate to other pegmatites from the
BPP.
42. BACKGROUND INFORMATION
2.1. Rare-Element Pegmatites and Pegmatites from BPP
Pegmatites are characterized by large crystals, large variability of crystal sizes and a
high concentration of rare-elements with high purity grades. The definition by London
(2008) for pegmatites:
“Essentially igneous rock, mostly of granitic composition, that is
distinguished from other igneous rocks by its extremely coarse but variable
grain-size, or by an abundance of crystals with skeletal, graphic, or other
strongly directional growth habits.”(London, 2008)
The high enrichment in granitic pegmatites make them the classic source for a large
variety of exotic elements; Li, Rb, Cs, Be, Ga, Sc, Y, REE, Sn, Nb, Ta, U, Th, Zr and
Hf (Table 1). These elements that normally are present at trace-element levels may be
enriched in pegmatites to wt.% levels by fractional crystallization. Although
pegmatites, for the most part, resemble granites chemically by bulk composition the
individual minerals are commonly segregated forming essentially monomineralic
zones (London, 2008).
“The term rare-element pegmatites has on occasion been confused with rare-
earth-element pegmatites, which are but a small subset of all the rocks
grouped in this class. It is generally agreed that the most evolved rare-
element pegmatites are also the chemically most fractionated rocks on
Earth”. (London 2008)
Pegmatites resemble hydrothermal veins texturally in that they have (1) crystal
coarsening inward, (2) crystal growth directed inward (unidirectional solidification
textures “UST”), (3) layering parallel to host, (4) mineral assemblages with sharp
border zonation, (5) banded sodic aplite “line rock”, (6) presence of up to meter sized
megacrysts and (7) an almost monomineralic quartz core (Beurlen et al., 2014). These
features would be easily explained if the pegmatites would have indeed formed from
open hydrothermal systems. However, the defining textural feature in pegmatites is
the graphic granite which consists of skeletal intergrowths of quartz and K-feldspars
(London, 2008). The graphic texture is formed only at large degrees of liquidus
undercooling, from very viscous melts and melts that are undersaturated in H2O (Fenn,
1986).
5One of the more important petrological findings from the BPP according to Beurlen et
al. (2014) is the evidence of cyclic banding at a regional scale that resembles
pegmatites from Manitoba, Canada described by Černý et al. (2005) with similar host
granite sources. The bands are divided according to Černý et al. (2005) classification
into; (1) fine grained leucogranite; (2) pegmatitic leucogranite; (3) layered sodic aplite;
(4) potassic pegmatite. This cyclic banding has also been detected in other REL-
pegmatites around the World (Beurlen et al. 2014).
Zonation related to pegmatites occurs at two different scales; (1) at a regional scale
(Figure 2) where the chemical concentrations of different elements changes according
to the distance from the source and (2) internal zonation (Figure 4, Figure 5).
Pegmatites are divided into homogeneous (barren) and heterogeneous (potentially
mineralized) pegmatites according to the classical division by Johnston (1945). The
internal zonation distinguished within a pegmatite body has typically four distinct
zones and two minor zones; (I) muscovite rich border/contact zone usually a few cm
in width; (II) wall zone that compositionally resembles the homogeneous pegmatites
but with grain size increasing towards the middle, also graphic pegmatite; (III)
intermediate zone, which consists mainly of blocky K-feldspar; (IV) quartz core zone
with milky and pink quartz of varying size with beryl and columbite-tantalite growing
in from the border of the intermediate zone into the core. Within the quartz core
additional “zones” can be determined; a pocket zone of miarolitic cavities in general
at the border to zone III and possible replacement bodies (Beurlen et al., 2001; Ercit,
2005; Baumgartner et al., 2006; London, 2014).
Figure 4. The image represents the different zones within a heterogeneous pegmatite. Image modified
from Johnston et al. (1945).
Replacement bodies occur quite often in pegmatites in which typically by
morphological means identifiable minerals have been altered or replaced by other
6minerals. An example by London (2008), a quartz crystal as a “pseudomorph” of a
tourmaline was found in a pegmatite body. The quartz “pseudomorph” was in fact a
quartz crystal  that  has grown in the hollow space of a dissolved tourmaline crystal.
The fact that replacement bodies exists isn’t remarkable but how an in general
insoluble tourmaline has managed to dissolve and in regard to this how a quartz that
is generally regarded as highly soluble has not dissolved is one of many puzzles
regarding pegmatites perplexing the geological community (London, 2008).
Figure 5. The upper model is a sketch of the Boqueirão pegmatite compared to the lower, a model of
the internal structures within a pegmatite by Vlasov (1952). Figure from Beurlen et al. (2014).
A classification by Vlasov (1952) (Figure 5) further developed the division of
pegmatites from Johnston et al. (1945) into five different zones with a change in a
pegmatite body with depth and along a strike. The five different classifications of
pegmatites are; (I) equigranular or graphic homogeneous pegmatites; (II) poorly zoned
pegmatites with blocky K-feldspar zone in the centre; (III) well-zoned pegmatites with
a quartz core and replacement pockets; (IV) well-zoned pegmatites with rare-elements
in replacement pockets or albite-rich inner intermediate zone; (V) albite-spodumene
pegmatites without primary zonal structure. As a general rule, the most distal
pegmatites that are the most chemically evolved are also the most metasomatically
altered both internally and externally, while the texture and zoning still remains mostly
the same regardless of the distance (London, 2008, Figure 6).
7Figure 6. Models of internal zonation from London et al., 2014 publication modified after; a) Vlasov
(1961; b) Jahns and Burnham (1969); c) Uebel (1977).
The even representation of zonation and for the most part concentric bodies was
according to Cameron et al. (1949) due to the layers at the walls of the pegmatite
chamber enclosing the pegmatitic fluids due to fractional crystallization of pegmatitic
melt. The inward growth of crystals often seen in heterogeneous pegmatites supports
this hypothesis. The model by Jahns and Burnham (1969) further develops the basic
magmatic model by Cameron et al. (1949) on the behaviour of aqueous vapor in a
silicate melt in a gravitational field and the development of a pegmatitic zonation due
to it (Figure 6b). Jahns and Burnham (1969) proposed that the change from granite to
pegmatite is at the point of saturation and exsolution of an aqueous vapor phase from
the silicate melt and the partitioning of alkalis between melt and vapor (London, 2008).
Elements are compatible if they partition into common crystalline silicates, oxides and
sulphides over coexisting fluid phases (fluid phases refer to both silicate melt and
aqueous liquid and/or vapor). Incompatible elements partition into the fluid phases
(liquid or vapor). Elements are volatile if they are usually enriched in the vapor phase
and non-volatile if they are rather enriched into the denser liquid or solid phase
(London, 2008). Peralkaline pegmatites have molar Al2O3 < (Na2O  +  K2O + CaO)
while peraluminous have molar Al2O3 > (Na2O  +  K2O  +  CaO)  and  subaluminous
A/CNK = ~1, metaluminous A/CNK < 1 when A/NK > 1.  Subalkaline A/NK = ~1,
peralkaline A/NK = <1.
8Pegmatites are the result of rapid crystallization of highly undercooled, H2O-
undersaturated melts where complete crystallization may be established within a time
span of a few thousand year in thick abyssal bodies or even in weeks in smaller, meter
thick greenschist terrains according to cooling models by Webber et al. (1999)
(Beurlen et al., 2014). Pegmatites are formed from the residual melts of highly evolved
cooling granites. Because of the nature of the low viscosity undercooled melt the high
viscosity hinders the formation of nucleation centres while promoting a high crystal
growth rate and therefore the high viscosity melts experience greater undercooling
before crystallization. (London et al., 1989; London, 2008). The problem still remains
of how the final melts can be transported from the granitic source without a so called
“viscous death” (Pistone et al., 2013).  Experiments performed by Veksler et al. (2002)
on synthetic pegmatite melts showed that the solubility of aluminosilicates into fluids
of high temperature is extremely high; at 830°C 26% (g/g) of melt is dissolved in the
fluid (fluid density 0.5 and melt 2.0 g/cm3). The viscosity was still very low despite
the high amount of melt in the fluid. In the same experiment, they also noted that the
formation of vapor phases was suppressed until a very late stage, at a temperature as
low as 300°C thus for the most part preventing the so called “viscous death” from
happening before the settling of the pegmatitic melts (Thomas and Davidson, 2013).
Table 1. The classes of granitic pegmatites by Černý and Ercit (2005) with modifications by Ercit (2005)
from the sub-type revision by Wise (1999) original by Černý (1991).
Class/Sub-class Typical Minor elements Metamorphic environment Relation to granites
Abyssal (AB)
AB-HREE HREE, Y; Nb, Zr, U, Ti (upper amphibolite to) low-to high-P
granulite facies: ~4-9 kb, ~700-800C
none (?) (segregations of
anatectic leucosomes?)AB-LREE LREE, U, Th, Ti






high-P, Barrovian amphibolite facies
(kyanite-sillimanite): ~5-8 kb, ~650-
580C




MSREL-REE Be, Y, REE, Ti, U, Th, Nb-Ta mod-high P, moderate T (3-7 kb, 520-
650 C: amphibolite facies)
interior to exterior; locally
poorly definedMSREL-Li Li, Be, Nb
Rare-element (REL)
REL-REE Be, Y, REE; U, Th, Nb>Ta, F variable, largely shallow and
postdating regional events affecting
the host rocks
interior to marginal (rarely
exterior)
REL-Li Li, Rb, Cs, Be, Ga, Sn, Hf,
Nb, Ta, B, P, F
low-P, Abikuma amphibolite
(andalusite, sillimanite to upper
greenschist facies: ~2 to 4 kbar, 650 to
450 C)
(interior to marginal to) exterior
Miarolitic (MI)
MI-REE T, REE, Ti, U, Th, Zr, Nb, F very low P, postdating regional events
that affect the host rocks
interior to marginal
MI-Li Li, Be, B, F, Ta>Nb low-P amphibolite to greenschist
facies, 3 to 1.5 kbar 500 to 400 C
(interior to) marginal to exterior
9The REL-pegmatite sub-types division was made at a later point to the pegmatite class
division by Černý (1991) by Wise (1999) as an extension which would not rely as
much on the chemical assemblage (Ercit, 2005). Černý (2000) further revised his
earlier division and finalized in Černý and Ercit (2005) with subdivisions added to the
REL-pegmatite classes.
Table 2. Division of granitic pegmatites of the rare-element class from Černý and Ercit (2005).
Subclass/Type Subtype Geochemical signature Typical minerals
REL-REE
allanite-
monazite LREE, U, Th, (Be, Nb>Ta, F, P) allanite, monazite, zircon, rutile, fluorite, ilmenite
euxenite L-H-REE, Y, Ti, Zr, Nb>Ta, (F, P) euxenite, monazite, xenotime, zircon, rutile,
ilmenite, (fergusonite, aeschynite, zinnwaldite)
gadolinite Be, Y, HREE, Zr, Ti, Nb>Ta, F; (P)
gadolinite, fergusonite, samarskite, zircon, rutile,
ilmenite, fluorite, (zinnwaldite)
REL-Li beryl-columbite Be, Nb,-Ta, (Sn, B) beryl, columbite, tantalite, (rutile)
beryl
beryl-columbite
phosphate Be, Nb,-Ta, P (Li, F; Sn, B) beryl, columbite, tantalite, triplite, triphylite
complex spodumene Li, Rb, Cs, Be, Ta-Nb, (Sn, P, F,B)
spodumene, beryl, columbite, tantalite,
(amblygonite, lepidolite, pollucite)
petalite as above
petalite, beryl, columbite-tantalite, (amblygonite,
lepidolite, pollucite)
lepidolite Li, F, Rb, Cs, Be, Ta-Nb, (Sn, P,B)
lepidolite, beryl, topaz, microlite, columbite-
tantalite, (pollucite)
elbaite Li, B, Rb, Sn, F (Ta, Be, Cs)
tourmaline, hambergite, danburite, datolite,
microlite, (polylitihionite)
amblygonite Li, Rb, Cs, Ta-Nb, Be, (Sn) amblygonite, beryl, columbite-tantalite, (lepidolite,pollucite)
albite-
spodumene
Li (Sn, Be, Ta-Nb, B) spodumene, (cassiterite, beryl, columbite- tantalite)
albite Ta-Nb, Be, (Li, Sn, B) columbite- tantalite, beryl, (cassiterite)
The classification of LCT (Li-Cs-Ta) and NYF (Nb-Y-F) comes from the necessity to
have a descriptive way of classifying the petrogenetic plutonic source of the
pegmatites. The pegmatitic families takes into consideration the provenance of granitic
pegmatites that are derived from differentiation of plutonic sources (Černý and Ercit,
2005). They are divided into the LCT and NYF petrogenetic families according to the
older division by Černý (1991) (Table 3) depending on the elemental enrichment
produced by fractionation of chemically distinct pegmatite groups (London, 2008).
The main host rocks for LCT rare-element pegmatites are usually schists, gneisses and
early intrusions (Černý, 1991). The LCT rare-element pegmatites are rarely found in
granitoid intrusions as fracture-filling dykes or in fractures formed by regional stress
but rather as lenses, ellipsoidal bodies or mushroom shaped forms due to the ductile
nature of their host rocks. The NYF rare-element pegmatites on the other hand are
found within the plutons they have been formed from or as fracture-filling dykes
(Černý, 1991).
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Table 3. The three petrogenetic families of classification of granitic pegmatites with plutonic derivation
LCT: Li, Cs, Ta, NYF: Nb, Y, F and mixed (LCT-NYF). From Černý, 1991 and Černý and Ercit, 2005
Family LCT NYF Mixed
Pegmatite types REL-Li and MI-Li rare-earth, REL-REE and MI-REE "cross-bred" LCT and NYF
Geochemical
signature
Li, Rb, Cs, Be, Sn, Ga, Ta>Nb




















peraluminous S, I or mixed
S + I types
(peraluminous to) subaluminous to










depleted middle to lower crustal
granulites, or undepleted juvenile
granitoids, mantle metasom. crust
mixed protoliths, or assimilation of
supracrustal by NYF granites
From  studies  of  evolved  rhyolites  of  S-  and  A-type  chemical  signatures  have  been
determined that are indicative of highly evolved pegmatites of the LCT and NYF
family, respectively. The most striking difference between the two sources is the
enrichment  of  Li,  P  and  Cs  in  the  S-type.  Rb  and  Be  show  strong  similarities  in
enrichment factors between S- and A-types which is why they are not used to define
the two families (Černý, 1991; London, 2008). The abundance of the various elements
in the rhyolite vitrophyres and obsidians can be considered to be the enrichment factors
for each of the elements as the glasses can be considered to represent samples of the
melt in question.
2.1.1. Mineral assemblage
One of the most important minerals in pegmatites and most certainly for fluid inclusion
studies is quartz. The quartz found in pegmatites is in general so pure that previously
it was rarely mentioned in scientific publications however, recent improvements in
analytical precision has made the accurate analysis of quartz possible. For example,
recent publications by Müller et al. (2008) and Michallik et al. (2017) have quartz
trace-element data from pegmatitic quartz. The quartz in pegmatites is very near its
end-member composition with trace-element content of usually less than 0.1 wt.%.
Aside from H the elements that are the principal impurities in quartz are: Al, Fe3+, P
and Ti replacing Si. The fluid inclusions that are found in the quartz are of significant
importance as they contain information of the original conditions from the time the
quartz was formed. However, quartz from pegmatites is in general unzoned due to the
rapid crystallization making it hard to identify primary fluid inclusions from the
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crystals. The exception to this are euhedral quartz found from the latest stages of the
pegmatite bodies. The following conclusions on the trends of quartz in pegmatites by
Cullum (1997) and London (2008) were made:
(1) Quartz from granitic pegmatites in comparison to other quartz occurrences
have  in  general  the  highest  amounts  of  trace-elements  but  the  amount  in
general still stays below 100 ppm total.
(2) Quartz with the highest Al contents positively correlate with the highest
amounts of Li.
(3) The trace-element composition of quartz is the same for the pegmatite and
the granite if the pegmatite occurs with the host granite.
(4) Quartz from K-feldspar rich granites and pegmatites has in general higher
amounts  of  alkalis  than  quartz  from  granites  and  pegmatites  with  sodic
plagioclase.
(5) The composition of quartz can be highly variable between adjacent
pegmatite bodies.
The presence of Be and Ta as abundant trace elements in minerals in the pegmatites
gives a rough liquidus temperature constraint for the system (Linnen et al., 2012;
London, 2014). The solubility of beryl is highly temperature dependent (London,
2014, Figure 7) but also dependent on the alumina content, with high alumina the
solubility of beryl is low. F, B, Li and P (fluxing components) may also increase the
solubility. Flux material in geological settings are elements that are capable of altering
the flow mechanism of a system. In pegmatites, the important fluxes are H, B, P and
F. The fluxes can reduce the liquidus temperature and lowering the viscosity of silicate
melts (London, 2008).
The solubility of Be and the formation of beryl in pegmatites can be regarded as a
linear relationship with the proximity of the pegmatite to the source. The most
proximal pegmatites with elevated temperature need a much higher amount of Be to
become saturated and to precipitate beryl, while the more distal pegmatites need only
a fraction of the Be to precipitate beryl. The presence of beryl can be used a measure
of the distance of the source as well as of the temperature that was prevalent at the
time of formation (London, 2008).
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Ta is like Be also dependent on the temperature (Figure 7) and fluxing components but
is also dependent on the amount of alkali in the system. Columbite ([FeMn]Nb2O6)
has, in general, lower solubility than tantalite ([FeMn]Ta2O6) and changes between the
Nb/Ta  ratios  can  be  observed  within  a  single  crystal  which  can  be  explained  by
fractional crystallization.
Figure 7. The figure shows the solubility of Ta, Be and Cs as a function of temperature. HPG:
haplogranite; Fluxed: melt with a high concentration of F, B, Li and P. Image by Linnen et al., 2012.
The abundant presence of beryl in one of the samples speaks for the fact that the
pegmatites were derived from a granitic source which had undergone extensive
crystallization. In the paper by London (2015) it is mentioned that the only way for a
Be-enriched melt to form is through fractional crystallization and that there is no way
that a melt with saturated Be content could have been formed from the partial melting
of a small amount of source rock. The formation of REL-pegmatites through anatexis
is further disproven by (1) the presence of low-medium grade metamorphic host-rocks
in the pegmatite fields, (2) the enrichment of Li and Ta in the REL-pegmatites and (3)
the low content of the rare elements in the host-rocks (Beurlen et al., 2014).
Calculations by London (2016) shows that 99.6% of the original granitic magma body
would have needed to crystallize to form a remnant melt with saturated Be contents
(35 ppm). Further fractionation is needed to form the Be-enriched pegmatites with Be
contents of ~200 ppm; of the original 0.4% of melt forming a separate pegmatite body
99.3% of it would need to crystallize so that the remaining melt (0.003% of the original
magma) would have a Be content representing that of a Be-enriched pegmatite.
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Be can be used as a tool for prospecting pegmatites as the content of Be in muscovite
is inversely proportional to is the Be-abundance in the pegmatite. In an exploration
survey, Smeds (1992) found that in a beryl-bearing pegmatite the Be content in
muscovite is 25 ppm while the Be content in muscovite of a “barren” pegmatite is 120
ppm. This phenomenon can be explained by the partition coefficient of Be in
muscovite (London, 2014). Be is incompatible in most silicate minerals and in silica-
rich melts and this would lead to beryl to precipitate from melts of low concentration
of Be (London, 2008). The solubility of beryl seems to increase in chemically complex
and flux-rich melts (Evensen et al., 1999).
The change in appearance from turbid crystals in massive pegmatites to clear, gem-
quality, crystals in miarolitic cavities is according to London (2008, 2013) due to the
change to a flux-rich final silicate melt in the miarolitic cavities. The fluxing
components enables the rapid diffusion of elements into the crystal structure of the
growth surfaces (London, 2009; London 2014) and at the same time suppresses the
formation of fluid inclusions in the larger host crystals (London, 2015).
“The reason that a flux-rich boundary layer liquid would be so effective at
promoting the growth of large, single crystals is because field diffusion can
operate in such liquids to erase lateral gradients in the slow-diffusing
components, Al and Si, at rates that are several orders of magnitude faster
than the local diffusion of those components to or away from a crystal
surface” (London, 2009).
Miarolitic cavities are considered to have been formed from very dense hydrous
silicate fluid which represents the final portions of the pegmatite to crystallize.  The
large and often near perfect crystals of wide variety are found in densely packed clay
that represents the remnants of the hydrous silicate material. The miarolitic cavities
can be determined to form at very low temperatures according to the mineral
assemblage found within them: zeolites, clays and opaline silica (London, 2008). The
fluids and volatiles that take no part in the crystallization or clay in the miarolitic
cavities migrate to the surrounding host rock where metasomatic alteration will take
place. The metasomatical alteration forms tourmaline and rare-alkali-rich biotite
(London, 2008).
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In the work by Beurlen et al. (2001) fluid inclusion study were done on the different
zones of the pegmatites in BPP (Zones 1–4, Figure 4) described in the introduction (p.
6). The fluid inclusions, mainly in the quartz, were for the most part secondary or
pseudosecondary along healed fractures. Even though some fluid inclusion
assemblages would be parallel to the quartz grains they would not represent primary
fluid inclusions and only in some well-developed euhedral quartz crystals would
primary inclusions be recognized. Most of the fluid inclusions in the euhedral quartz
were low-salinity aqueous or aqueous-carbonic fluids.
2.1.2. Fractionation trends of elements
The fractionation of elements with the distance from the source of the pegmatites has
profound effect on the composition as well as the ratios of elements in the pegmatite.
1) Rb/Sr  and  Ba/Rb  ratios:  Rb  being  an  incompatible  and  Sr  and  Ba  being
compatible in feldspar. Sr is compatible in plagioclase and also in alkali
feldspar. Ba is highly compatible in micas and in K-feldspar (Icenhower and
London, 1996). The Rb being highly incompatible counter acts early
precipitation of Ba making the Ba/Rb ratio one of the most indicative for
fractionation (Taylor, 1963; Černý et al., 1985).
2) Li/Cs  and  Rb/Cs  ratios;  the  lithium  does  not  behave  like  a  normal  alkali
element and the concentration in the melt increases as long as no Li-bearing
minerals precipitate. This may cause the early rock-forming phases to have
vastly enriched Li-concentrations. The early formed muscovite may have Li-
concentrations of up to 1.5 wt.% and quartz with Si replaced by Li and Al to
contain up to 60–225 ppm Li (Stavrov, 1963; Černý et al., 1985). Enrichment
of Li and Cs eventually leads to the precipitation of spodumene, petalite,
lepidolite-series (Li-muscovite, trilithionite and polylithionite) and pollucite.
Cs is enriched in leucogranites and pegmatitic granites with Cs contents
reaching 10–50 ppm concentrations. Additionally, the Li phosphate minerals
amblygonite-montebrasite series acts as a major Li carrier in pegmatites.
3)  Ratios of K/Rb and K/Cs; the K/Rb ratios decrease with advancing
crystallization as K-feldspar precipitates (Figure 8) (Černý et al., 1985). The
K/Rb ratios rapidly decrease as the granite evolves into muscovite rich granite
(Shaw, 1968; Černý et al., 1985). Granites have an average of 190–276 ppm
Rb with 300–160 K/Rb ratios (Heier and Billings 1970).
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Figure 8. The figure shows the K/Rb against Cs for granites and pegmatites of the Cerro La Torre
pegmatitic group from Galliski et al., 2015 modified from Oyarzábal et al., 2009.
4) Na/K ratios; fractionation of alkalis starts with K-rich pegmatites being closest
to the source of the pegmatite and the Na-rich pegmatites being the ones in the
most distal end from the pegmatite source (Černý et al., 2012). Stugard (1958)
found that the Na/K ratio in feldspars correlates with the source rock.
5) Fe/Mn  ratios;  Mn2+ acts  much  like  Fe2+ and follows the iron in igneous
differentiation. However, the large size of Mn causes it to more favourably
fractionate into the later precipitates. The Fe/Mn ratios decreases with
continued fractionation from Fe/Mn ratios of 500 in mafic rocks to granites
with Fe/Mn ratios of 25. With continued fractionation, the ratio becomes even
lower with fractionation into pegmatitic granites with Fe/Mn ratios of 20–15
and highly fractionated pegmatites the Fe/Mn ratio may even reach 0.01 (Kolbe
and Taylor, 1966; Černý et al., 1985). The Fe/Mn ratio in columbite-tantalite
has a wide variation with the Mn becoming extremely enriched in complex
pegmatites. The trend of Mn according to Černý et al. (1985) shows that it is
favorably extracted and transported by hydrous phases especially those that are
F-rich and supercritical.
6) Zr/Hf and Nb/Ta; the Zr/Hf ratio decreases within the individual granitic
magmas  over  time  from  a  ratio  of  30–40  to  less  than  0.014  in  the  most
fractionated pegmatites. The overall concentrations of Zr and Hf are low with
2–130 ppm and 0.4–4.35 ppm respectively (Černý et al., 1985). The Nb/Ta
ratios at the early stages of fractionation are around 11 which is very close to
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the values one will get from the bulk average of the individual elements  found
in the igneous rocks (23 ppm in Nb and 2.1 ppm in Ta). The concentrations of
Nb and Ta increases from the original values mentioned above to fertile
leucogranites with values of 150 ppm Nb and 40 ppm Ta (Černý et al., 1985).
With further fractionation into REL-pegmatite the concentrations of Nb and Ta
increases to 550 ppm and 4500 ppm respectively (Vlasov, 1966; Kuzmenko,
1976; Černý et al., 1985).
7) LREE/HREE in pegmatite; in a study by Leonova and Polezhaeva (1975) REE
showed an average depletion going from abyssal REE-enriched pegmatites to
muscovite-rare-element pegmatites. LREE shows enrichment especially in Ce.
The concentrations of REE increases with increasing alkalinity and decreasing
silica concentrations. REE concentrations are relatively low regardless of
changes in LREE/HREE ratios in peraluminous granites and pegmatites from
the LCT family.  For the NYF-family the overall  concentrations of LREE or
HREE are high regardless of their ratios (London, 2008).
3. GEOLOGICAL SETTING - THE BORBOREMA PROVINCE
The Borborema Province is located in north-eastern Brazil and is composed of: (1)
Early Paleoproterozoic gneissic and migmatitic basement (Caicó Complex Basement)
which comprises material mostly from 2.0–2.2 Ga old orogenic events and some older
pieces of Archean;  (2) Paleoproterozoic (ca. 1.9 Ga) Seridó Group metasedimentary
and –volcanic rocks; (3) Brasiliano orogeny G2–G5 (explained in next chapter)
granitic rocks of late Neoproterozoic ages (Van Schmus et al., 1995; Dantas et al.,
1998; Fetter, 1999; Kozuch, 2003; Van Schmus et al., 2003; De Souza et al., 2007;
Ignez et al., 2012).
3.1. Geological Setting
The Caicó Complex Basement of the Borborema Province was generated by three
orogenic events 2.35 Ga, 2.15 Ga and 2.0 Ga. From the Nyong Group in Africa, that
was still connected to the Borborema Province at the time of the orogenies, maximum
ages of the earliest deposition of metasediments have been measured from detrital
zircons to be 2423 ± 4 Ma. The formational ages for the orthogneisses were determined
by detrital zircons to be 2066 and 2044 Ma and for the two separate metamorphic
events ages of 2055 and 1985 ± 8 Ma were measured that date to the onset of the
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formation of the Atlantica Supercontinent (Rogers, 1996; Hartmann, 2002; Beurlen et
al. 2014).
The Seridó Group as mentioned earlier is composed of metasedimentary and –volcanic
rocks; basal gneisses, marbles, calc-silicate and amphibolite from the Jucurutu
Formation as the lowermost layer. Above it are quartzites and metaconglomerates from
the Equador Formation and as the uppermost layer sillimanite-cordierite-garnet-
bearing biotite schist, quartzites and metaconglomerates of the Seridó Formation
(Figure 1). (Beurlen et al., 2009)
The Granites found in the Borborema Pegmatite Province and the Seridó Belt were
grouped into G1-G4 by Jardim de Sá et al. (1981) according to their relationships with
the deformation phases that has occurred in the area (D1-D4) (Table 4). Furthermore,
Da Silva (1993) divided granites from Picuí-Pedra Lavrada sub-area of BPP into GR1-
GR5 (GR3: GR3A and GR3B) although these have no connection with the division
made  by  Jardim  de  Sá  et  al.  (1981)  GR3  represents  the  same  phase  (G4)  from  the
Jardim de Sá et al. (1981) division. The Pedra Lavrada pegmatite occurrence is located
very close to where the Altim samples that were analysed in this study have been
collected (Figure 1). Newer classification by Pedrosa-Soares and Scholz (2009)
divides the Brasiliano orogeny into G1–G5; G1: pre-collisional 630–585 Ma, G2: syn-
collisional (585–560 Ma, G3: late- to post-collisional (545–520 Ma), G4 and G5 post-
collisional (535–490 Ma) with the G4 and G5 being the main source of the pegmatites
in BPP.
Table 4. The table shows the relationships the different granitic groups have with the different
deformation phases and also shows their age, petrology and the intruded rock. The table is based on
the orogenic division by Jardim de Sá et al. (1981).
Event Age Petrology Deformation Surrounding D1* D2* D3* D4*
G1 Paleoproterozoic Orthogneiss Augen-gneiss Metasedim.Seridó group x x x x
G2 Pre/early tectonic Orthogneiss Thrust-related/"tangential"
Metasedim.
Seridó group - x x x










Weak in NNE shear
zones Biotite-schist - - x x
*Deformation phases that have affected each of the granitic phases
The Borborema Province is divided into three tectonic zones: The Northern Domain
(NTSP: Northern Tectonic Sub-Province; Beurlen et al., 2014), the Central Domain
(Transversal Domain; Ebert, 1970) and the Southern Domain (Figure 9). The zones
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are divided by East-West trending shear zones. The Northern and Central Domains are
divided by the Patos shear zone (Patos Lineament) and the Central and Southern
Domains are divided by the Pernambuco shear zone (Archanjo, 1993; Van Schmus et
al., 1995; Baumgartner, 2006; Ignez et al., 2012).
Figure 9. The figure shows the different units within the Borborema Province in north-eastern Brazil.
The cross-cutting shear zones (east-west) north and south of the “Central Domain” are the Patos shear
zone and the Pernambuco shear zone respectively. Image from Brito Neves et al. (2014), modified from
Brito Neves and Santos (2000) and Oliveira (2008).
3.2. The Borborema Pegmatite Province
The Borborema Pegmatite Province is a “zone” that exist within the Borborema
Province in which most of the pegmatites in the Borborema Province occurs. It
constitutes an area of roughly 75 by 150 km in NNE-SSW direction (Figure 10). The
Borborema Pegmatite Province lies within Northern Domain of the Borborema
Province and in the eastern part of the Seridó Belt (Figure 9 and Figure 10). The age
of the pegmatites in BPP have been determined to be between 460 and 530 Ma
according to older literature (Dirac and Ebert, 1967; Almeida et al. 1968; Ebert, 1970).
The age in newer studies have been measured to be; Ar/Ar biotite age: 525 ± 2 Ma in
pegmatites; 509 ± 2.9 Ma and 515 ± 1.1 Ma through U/Pb measurements in columbite
from  pegmatites  (Baumgartner  et  al,  2006;  Beurlen  et  al.,  2009).  Most  of  the
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pegmatites (over 90%) in the BPP are intruded into the schists of the Seridó Formation
or the quartzites of the Equador Formation (Beurlen et al., 2001).
Figure 10. The upper left image shows the BPP as a whole and the location in Brazil. The image on the
right shows the locations of some of the pegmatites where studies have been made in the BPP. Figure
from Beurlen et al. (2014) modified from Beurlen et al. (2009) adapted from Brazil (1998, 2002).
The trigger for the development of the pegmatites now residing in the Borborema
Province is related to the large scale granitic magmatism, remobilization and input of
Neoproterozoic juvenile magma along with near vertical shearing of the entire
province that occurred during the Brasiliano Orogeny (650–550 Ma) (Baumgartner et
al, 2006; Neves et al., 2006; Ignez et al., 2012). The ages of the G1 and G2 granitoids
are, however, too old as they predate the deformation and metamorphic phases of the
Seridó Group (Beurlen et al., 2009).
The G3 granites are considered to represent the peak deformation and metamorphic
phase of the Brasiliano orogeny (Jardim de Sá, 1994; van Schmus et al., 2003; Beurlen
et al., 2014). The G3 ages (550–610 Ma) are still considerably older than the
pegmatites ages (~509–525 Ma) and therefore the G3 events can be excluded as having
triggered the pegmatite formation. As we have already stated, it is assumed that the
BPP pegmatites have formed through rapid crystallization, which is usually the case
for rare element granitic pegmatites (Fenn and Swanson, 1992; Webber et al., 2005;
Beurlen et al, 2009). Therefore, the age gap between the granite and the pegmatite is
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far too long for the granites to have been the source, also a lack of direct field
relationship with the pegmatites further verifies the case (Beurlen et al., 2009).
The G4 leucocratic pegmatoid granites presented by Jardim de Sá et al. (1981) that
include the pegmatitic granites; GR3A and GR3B, identified by Da Silva (1993) and
Da Silva et al. (1995) are the most likely sources of the Be–Li–Ta-bearing (REL)
pegmatites which Beurlen et al. (2001) agrees on (Figure 2b). The G4 granites are
peraluminous and have trace-element geochemistry that is compatible with the
pegmatites, with the feldspars and micas showing low to moderate differentiation. The
GR3 granites are pegmatitic granites with GR3A being a medium grained leucogranite
and the GR3B a K-feldspar megacryst rich pegmatitic facies. The pegmatitic granites
usually occur as smaller sized intrusions with often less than 10 m in width and 1 km
in length (Thomas et al., 2011).
Studies by Thomas et  al.  (2011) on fluid and melt  inclusions from the BPP showed
that the heterogeneous pegmatites resemble the LCT granitic pegmatite family (Figure
11)  with   results  similar  to  other  LCT  granitic  pegmatites  fields  around  the  world
(Thomas and Davidson, 2012; Beurlen et al., 2014).
Figure 11.  The figure shows the regional zonation within a pegmatite group of a LCT family. The
pegmatite flows from the roof-contact of the granitic melt body. Beryl is the first distinct mineral to form
from rare-element pegmatites beyond the thermal influence of the pluton, image by London, 2014.
Results have shown that pegmatites from the BPP had undergone an early saturation
of volatiles and fluxing elements in the presence of two immiscible melt fractions. The
presence of both of the fluid and melt inclusions with similar chemical compositions
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in the pegmatites and the pegmatitic granites would further support the link between
the pegmatites and their source (Beurlen et al., 2014). A way of identifying the
prescence of two immiscible melts is from the fluid inclusions as there would be
several distinctly different types of fluid inclusions in the same growth feature. This
would indicate that there would have been melt immiscibility at the time of the crystal
formation (Roedder, 1984; Thomas et al., 2011).
3.2.1.  Altim locality
Altim (Al) - 06 45 57.5 S/ 36 28 21.5 W (datum: SAD69)
The samples are from different zones of the pegmatite at the Altim locality with Al-
1a–c and Al-6 are most likely representative of a miarolitic cavity found within the
pegmatite (Table 7). Al-2 represents an anhedral massive quartz sample from the
quartz core (Zone IV) (Table 7).  Al-3 is  from the intermediate zone (Zone III)  with
large beryl crystal with likely growth towards the quartz core (Table 7). Al-4 is graphic
pegmatite from Zone II according to Johnston (1945) model (Table 7). Al-5 is possibly
from Zone I as it contains considerable amounts of muscovite (Table 7). The division
of the samples into their individual zones is according to the textural characteristics
and not from notes made while sampling. Al-6 is a sample with doubly terminated
cluster of euhedral crystals (Figure 12F) one side with 5 cm high crystals and the other
side with 2 cm or lower.
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Figure 12. A) The uncut miarolitic euhedral quartz crystal that was cut into the samples Al-1a–Al-1c.
B) The Al-2 thicksection was made from a sample of core quartz with a slight pink hue. C) The Al-3
piece was mostly beryl (right, blue-green) while the quartz sample was only a minor constituent of the
whole sample. D) The Al-4 sample collected from the graphic pegmatite zone. E) From the border zone
of the pegmatite. The sample was very brittle and the quartz piece used for the Al-5 sample was the only
part that remained whole. It is highly possible that the piece is severely altered and that the FI found
within the quartz are mainly later stage secondary FI. F) Al-6 was the largest cluster of miarolitic
euhedral quartz crystals. The sample was divided and thicksections were planned so it would cover the
whole cluster from point to point (top to bottom in the picture).
3.2.2.  Tamanduá locality
Tamanduá (Tm) - 06 42 09.1 S / 36 30 03.7 W (datum: SAD69)
The Tm-2 sample represents the graphic quartz–K-feldspar zone II. Tm-5 is a mica-
rich sample with some blocky feldspar, zone I. The Tm-7 is a massive quartz
representing the quartz core zone IV. Tm-8a and b; clear quartz crystal (euhedral)
representing content of a possible miarolitic cavity. Both pegmatite bodies resemble
each other petrographically quite well but the main difference is that the Tamanduá
locality has known massive columbite-tantalite mineralizations while Altim has beryl.
4. METHODS
4.1. Fluid Inclusion Study
Fluid inclusion studies can be a valuable source of information regarding the petrology
of the studied area. Fluid inclusions are considered to contain the fluids that were
present during the crystallization of the mineral  and thus represent the fluids and in
correlation the melts that the minerals have formed from. As such, the fluid inclusions
are not representative of a single event or episode in the rock-forming event but they
can reveal the different conditions of the system during its evolution (Van den Kerkhof
and Hein, 2001). Fluid inclusion studies relies heavily on the assumptions that no
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necking or leaking has taken place since entrapment and that the inclusions have
followed a constant density path along one isochore (Figure 15).
The fluid inclusion study was done on doubly polished thicksections. The Al-1, Al-6
and Tm-8 euhedral quartz samples were ~600µm thick sections while all the other
samples were prepared as 200µm thicksections.
The analysed fluid inclusion temperature is lowered using the Linkam stage at a
constant pace monitored from the touchscreen it’s linked with. With a sample with
unknown freezing point the rate at which the stage is cooled down is kept at as low as
possible in case of fluids with low concentrations of NaCl. As one approaches the
estimated temperature, the temperature change decrement is reduced on the stage to
be able to accurately measure the exact freezing point depression of the fluid inclusion.
The heating and cooling stage used is a Linkam THMSG-600 stage, the program used
to monitor the sample with was Leica Application Suite (LAS) and the microscope
used was Olympus BX51. For the microthermometric measurements three synthetic
fluid inclusions standards (Syn Flinc) were used for three-point calibration of the
cooling stage and internal correction; CO2 (Tm: -56.6°C), NaCl-rich (Tm: -21.2°C) and
pure H2O (Tm: 0.0°C and Th: 374.1°C). The precision of the measurements of melting
and homogenization temperatures were ±0.05°C.
4.1.1. Fluid Inclusion and Microthermometry theory
The fluid inclusions that form in minerals may have complex parageneses and are
divided based on their origin into three types; primary fluid inclusions, secondary fluid
inclusions and pseudosecondary fluid inclusions (Roedder, 1967; Nash and Theodore,
1971; Roedder, 1979; Van den Kerkhof and Hein, 2001; Goldstein, 2003). Primary
fluid inclusions have been trapped during the growth of the mineral and as a result of
growth of the surrounding host crystals. They usually occur as clusters of inclusions
or zones/planes that define the growth of the crystal.
Secondary fluid inclusions are usually formed in fractures in the crystal in which the
fluids get trapped during the “healing process” of the crystal (Figure 13). The
secondary fluid inclusions are developed after the crystal growth. Even though usually,
the crystal growth conditions are the states that one is most interested in studying,
secondary fluid inclusions can give important information of hydrothermal processes
after  the  crystal   growth,  such  as;  passage  of  different  fluid  pulses  and  be  able  to
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preserve fluids that are related to later stage gold depositions in orogenic gold deposits
where the gold is usually located in late fractures in quartz veins (Polito et al., 2001;
Fairmaid et al., 2011; Kendrick and Burnard, 2012).
Figure 13. The figure shows the stages of the development of secondary fluid inclusions from a crack
in a quartz crystal. From the curved surfaces of the crack to dendritic growth with eventually forming
sharply faceted inclusions. Roedder – Fluid inclusions.
Pseudosecondary fluid inclusions resemble the secondary fluid inclusions
petrographically but in pseudosecondary fluid inclusions crystal growth of the mineral
has continued after their entrapment (Kendrick and Burnard, 2012).
Classification of fluid inclusions is based on dividing them into assemblages (FIA:
Fluid Inclusion Assemblages, Goldstein and Reynolds, 1994; Randive et al., 2014).
The reason for this is to have means to provide statistically significant data as only
measuring single FI through destructive methods will not necessarily provide very
significant data as it will not be reproducible but several measurements from the same
FIA provide much more reliable data if the values are within error margins. The FIA
are classified as such that they have comparable properties (i.e. they have been trapped
at the same time). FIA can be determined by that they are petrographically linked either
through growth zones or healed fractures that are measurable with microthermometry
which provides evidence of the FIs having similar properties (Bodnar, 2003).
In fluid inclusion microthermometry studies the wt.% of NaCl can be determined from
the samples through non-destructive methods with microthermometry. The fluid
inclusion is first cooled using N2 (liquid nitrogen) and at the same time monitored for
phase changes. When the inclusion is completely solidified it is slowly heated back
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up. The temperature at which any present phase in the fluid inclusion is completely
melted and is recorded as the freezing point depressions of the phase. The point where
the final melting of ice occurs is recorded as this can be used to determine the salinity
of the system, this method is valid in inclusions with salinities of ≤ 23.2 wt.%. The
difference in freezing temperature in the measured fluid inclusion is then compared to
the known freezing point depressions of H2O and CO2. Occasionally the salinities in
FIs will lie between 23.2 and 26.3 wt.% which will produce ice and hydrohalite when
the FIs are cooled. The ice will be the first to melt at the eutectic point while
hydrohalite will remain in the FI. The temperature at which the hydrohalite melts,
between the eutectic (-21.2°C) and peritectic (0.1°C), correlates to the salinities of the
system  (Figure  14A).  For  fluid  inclusions  with  salinity  over  26.3%  the  formation
temperature can be determined from the melting point of halite, if the homogenization
occurs along the three-phase liquid + vapor + halite curve (Figure 14B), as long as the
salinity is composed purely of NaCl.
Figure 14. The figure A shows the moderate NaCl, hydrohalite behaviour in a low temperature system.
The figure B shows the behaviour of high NaCl (H: Halite, HH: Hydrohalite, I:Ice, L: Liquid) in a high
salinity and temperature system.
By measuring the homogenization temperature of a fluid inclusion, one can determine
the entrapment temperature of the system. Homogenization temperature is gained by
heating a two-phase fluid inclusion until the liquid and vapor phase become one phase,
depending on the path either monophase vapor or monophase liquid inclusions. The
temperature where the phases homogenize into a single phase is considered the
minimum temperature for the fluid entrapment in the system. If the pressure of the
system has already been determined earlier the information gained from knowing the
homogenization temperature can be used in conjunction with the pressure to plot the
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temperature directly on isochores of specific density in a temperature-pressure diagram
(Figure 15). This way we can determine the true entrapment temperature of the system.
However, if we can determine that the inclusions have been trapped in conditions of
fluid immiscibility (Figure 16) this means that the homogenization temperature is the
entrapment temperature and thus there is no need for pressure corrections when
determining the formation temperature (Roedder and Bodnar, 1980; Bodnar and Vityk,
1994).
Figure 15. Temperature-Pressure diagram with isochores showing the path the fluid inclusions
followed as the system cooled and decompressed. The temperature difference between Th and  Tt is
known as pressure correction. Pt: entrapment pressure. Tt: entrapment temperature. Th:
homogenization temperature. The isochore slope is dependent on the phases present in the fluid
inclusions. Image from Oxford University. Alternative: http://logicalgeology.blogspot.fi/2010/11/ore-
geology3fluid-inclusions-study.html
From the fluid inclusion studies,  we can also determine the fluid density in a single
inclusion. The density is determined from the known freezing point depression and the
homogenization temperature of an inclusion. The temperatures are then used in
equations of state (EOS) for fluids of known composition.
The P-T history of a sample can also be determined in some cases from fluid inclusions
if there are textural features visible in certain assemblages. In some cases, larger fluid














Figure 16. (a) Models of homogeneous trapping and change in the FI through phase separation. (b)
Heterogeneous trapping; trapping of fluids with variable composition. Figure and definitions from Van
den Kerkhof (2001).
Fluid inclusion of higher and lower densities can be distinguished visually from the
samples through observation of the refraction indexes of the individual fluid
inclusions. The refractive indexes are generally different and the difference between
the host mineral and the fluid inclusion fluids is the reason one can observe the fluid
inclusions within the mineral. The higher the density in the fluid inclusion (refractive
index of 1.32–1.33), usually occurring as aqueous inclusions, the brighter they will
appear through optical microscopy. While the fluid inclusions with lower density (CO2
refractive index; 1.195), gaseous inclusions, will show up as dark. (Van den Kerkhof,
2001)
4.2. LA-ICP-MS Analysis
The Laser Ablation-Inductively Coupled Plasma-Mass Spectrometer comprises three
key parts; (1) the laser as the name suggest; (2) the ablation chamber coupled with the
microscope and camera; (3) the inductively coupled plasma mass spectrometer.
The laser used by the University of Helsinki Geology Department is a Coherent Geolas
Pro MV 193 nm laser ablation system (Table 5). The Coherent Laser fires a 193 nm
ArF excimer laser beam at the sample. The cell used was a fast washout small-volume
1 cm3 ablation  chamber.  The  LA  system  is  a  Geolas  Pro  MV  and  the  optical
microscope connected to the ablation chamber is an Olympus BX51. The ICP-MS used
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is an Agilent Technologies 7900 ICP-MS. Helium grade used: 6.0. The standards used
for the LA measurements were NIST 610 (Standard used for FI measurements), NIST
612 (Only used in the daily accuracy measurements) and Sca-17 (Cl, Br, I) and the
accuracy of the LA-ICP-MS was determined daily, tuned to maximize
signal/background ratios with ThO/Th (oxygen production) kept below 0.4%. The
daily accuracies for the measured major and trace elements were within uncertainties
determined by Spandler et al. (2011).
Before the actual ablation into the FI the quartz was tested with different energy
densities (10–17 J/cm2) to assess the behaviour of the ablation. With the proper energy
density pre-drilling was used to ensure the most optimal ablation behaviour. The pre-
drilling method involved shooting the quartz with the laser at lower repetition rates
with progressively higher spot sizes until the desired target diameter was reached. The
ablation depth- to-diameter ratios were kept well below 2 at all times.
The amount of 23Na (salinity) within the fluid inclusions was calculated by initially
using an arbitrary value of 23Na to determine the ratios of 23Na,39K and 44Ca within the
fluid inclusions. The established ratios were then implemented into the BULK program
(Bakker, 2003). For the non-carbonic fluid inclusions, a gas system containing only
H2O was selected while for the aqueous-carbonic FI a gas system containing H2O and
CO2 was  selected  in  the  BULK  program.  The  salt  system  included  NaCl,  KCl  and
CaCl2. The thermodynamic model used for the aqueous solutions was the ion
interaction model developed by Pitzer (1991) and the actual model used was the
Combination by Bakker (1999) containing NaCl-KCl-CaCl2 and MgCl2. The
calculation of fluid inclusion properties at 20°C was done using the equation of state
(EOS) by Krumgalz et al. (1996) containing H2O, NaCl, KCl, CaCl2 and MgCl2. The
EOS used for determining the homogenisation conditions of the non-aqueous phases
(CO2)  was by Duschek et  al.  (1990).  The mass values of salt  given by BULK were
then converted into equivalent values of the individual amounts of elemental 23Na, 39K
and 44Ca. The 23Na amount was then implemented into the SILLS (Matlab, Guillong,
2008) data-reduction program which was used to determine the concentration of trace-
elements in the FIs. The 23Na was used as the internal standard for the fluid inclusions
while a 100 wt.% amount of SiO2 was used as the internal standard for determining
the concentration of elements in the matrix quartz. The isochores for the
homogenization temperature determination were calculated using the Loner AP
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software (Bakker, 2008) using the EOS by Anderko and Pitzer (1993a; 1993b) and
Duan et al. (1995; 2003).
Table 5. The specifications for the Coherent MICROLAS-laser system and ICP-MS system.
Laser Coherent MICROLAS: GeoLas Pro MV2
Wavelength 193 nm
Ablation chamber Small volume aluminium cell (1 cm3)
Energy Density on sample J/cm2 10–17 J/cm2
Energy 100 mJ
Spot Size at Sample 16–160 µm (based on size of FI)
Pulse Stability 2%, rms (root-mean-square)
Repetition Rate 10 Hz
Resolution x, y-stage 1 µm
Resolution z-stage 0.25 to 0.5 µm
ICP-MS Agilent Technologies 7900 ICP-MS
Carrier gas flow 1.13 l/min (FI analysis) 1.00 l/min (Solid analysis) He
Additional gas flow none
Make up gas flow 0.85 l/min
Rf power 1500 W
Dwell time per isotope 0.010 (0.020 for Cl, Br, I and 0.030 for Nb and Ta)
Isotopes measured (FI)
7Li 9Be 11B 23Na 24Mg 27Al 29Si 32/34S 35Cl 39K 44Ca 55Mn 57Fe 63Cu
66Zn 81Br 85Rb 88Sr 93Nb 127I 133Cs 137Ba 181Ta 205Tl 208Pb
Isotopes measured (Solids)
7Li 9Be 11B 23Na 24Mg 27Al 29Si 31P 32/34S 35Cl 39K 42Ca 44Ca 55Mn 57Fe
63Cu 66Zn 69Ga 72Ge 75As 81Br 85Rb 88Sr 89Y 90Zr 93Nb 95Mo 111Cd
113In 115In Sn Sb127I 133Cs 137Ba 178Hf 181Ta 182W 205Tl 208Pb 209Bi
238U
4.2.1. LA-ICP-MS theory
The Laser Ablation Inductively Coupled Plasma Mass Spectrometry is an analysis
method that has recently achieved a more key role in the study of fluid inclusions.
Some of the first studies done with Laser Ablation ICPMS were in 1981 by Thompson
et al.  In their  study, they used LA on several  steel  standard samples to measure the
accuracy with which the LA-ICP-MS could be used to measure solid samples.
Before the charged particles from the ablated material goes into the (5) ion detector it
passes through the (1) plasma torch (Figure 17), (2) sampling interface, (3) ion optics
and (4) mass separation device (Mass analyser, Figure 17). The surface is ablated from
the sample by the laser and the ablated material is transported by a carrier gas, He in
most cases, to the ICP-MS.
Microthermometric measurements were used to determine the salinity of the fluid
inclusions. In order to quantify LA-ICP-MS fluid inclusion data an internal standard
such as Na concentration (determined by microthermometry) is required. The fluid
inclusions of which microthermometric measurements have been made are then
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analysed  with  the  LA-ICP-MS  to  measure  the  CPS  (Counts  Per  Second)  and  the
established correlation can then be used as a reference value for the other analysed
elements.
Figure 17. Schematical picture of the various parts of a LA-ICP-MS. Picture from University of Gent.
(1) The  plasma torch  is  produced  when a  tangential  flow of  gas  (Ar  in  many
cases) interacts with a powerful magnetic field; the magnetic field is
produced by radio frequency (RF) that passes through a copper coil. The gas
is then affected by an influx of electrons from a high-voltage source which
forms a plasma discharge of very high temperature (~10000 K) in which the
material is ionized producing positively charged ions.
(2) Once the ions have been produced they travel to the mass spectrometer
through the interface region. The interface is composed of two or three
metallic cones that are kept at a vacuum of ~200 Pa. The interface is one of
the most important parts of an ICP-MS as it controls whether the ions are
transported to the analyser with their electrical integrity in tact or not. There
is also a chance that there is a secondary discharge produced because of
electrical potential difference between the interface and the plasma torch.
Measures are needed to assure that the both stages are properly grounds as
to minimize this effect otherwise the signal produced would be highly erratic.
(3) The ion optics part of the ICP-MS is composed of multiple electrostatic
lenses kept at <0.133 Pa vacuum. The purpose of the ion optics is to focus
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the ion beam towards the mass separation device and also to stop photons,
particulates (microscopical particles) and neutral species from reaching the
detector.
(4) The ionized material travels within the MS into the mass separation device
of which there are several different variants but the one we have used and
will be explaining is the quadrupole technology. The quadrupole functions
by inducing alternating current (AC) and direct current (DC) on opposite
pairs of four rods (Figure 18). By selecting a certain AC/DC only ions of a
select mass can pass through the quadrupole to the detector.
Figure 18. Schematic image of quadrupole mass filter. From Linge and Jarvis (2009).
(5) The analyser transforms the incoming ions into electrical signals. The most
commonly used detector is a discrete dynode which works by intensifying
the ion signal. As the ions impact the first dynode they are converted to
electrons. The electrons are the attracted to the next dynode where electron
multiplication takes place, as the electrons move from final dynode a very
high stream of electrons emerge. The electronic signal (stream of electrons)
is then processed by data handling system into concentrations using ICP-MS
CRM (certified reference materials) and internal standards. (Thomas, 2013)
Both 23Na and 35Cl can be used as an internal standard for LA-ICP-MS analysis of
fluid inclusions (Heinrich et al., 2003, Stoffell et al., 2004, Allan et al., 2005, Stoffell
et al., 2008 and Wilkinson et al., 2009). However, because of the high first ionization
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energy  of  chlorine  the  analysis  of 35Cl will result in weak signal intensities and
furthermore the 35Cl has a high background relative to the weak signal. Based on
analysis done on Alpine quartz veins the intensity of the 35Cl signal is three orders of
magnitude less intense than the intensity of the 23Na signal. The uncertainty of the Cl
content  is  around  40%  when  it  is  measured  by  LA-ICP-MS.  The  reason  why
microthermometric measurements and thermodynamic calculations are used to
measure the 35Cl content is because the uncertainty of the 35Cl is only 10–20% with
this method (Leisen et al., 2012). In high-salinity inclusions, the 35Cl concentration is
calculated from binary diagrams (Figure 14A, B).
4.3. Electron-Probe Microanalysis (EPMA)
In the study, we used both the WDS (Wavelength-Dispersive Spectrometry) and the
EDS (Energy-Dispersive Spectrometry) methods to determine the quantitative major
element compositions and qualitative determination of the solids within the samples.
WDS (Wavelength-Dispersive X-ray Spectroscopy) is a necessary analysis method
when  determining  the  major  elements  present  in  solid  phases.  WDS  was  used  to
determine the concentrations of Na, Mg, Al, Si, K, Ca, Ti, Fe and Ba (Table 6). The
quantitative WDS (Wavelength-Dispersive Spectroscopy) was used to obtain wt.% of
major element composition of the potassium feldspar, plagioclase and muscovite. The
WDS Si measured values were further used as the internal standards for the LA-ICP-
MS analyses to determine the trace-element compositions for rest of the elements in
the K-feldspar, plagioclase and muscovite samples.
Table 6. The specifications for the EPMA for the EDS and WDS analyses.
EPMA JEOL JXA-8600 Superprobe and SAMx
Software XMAs, IDFix, Diss5
WDS:
Beam Focused: K-spar and Plg. Defocused: Muscovite
Beam Current (nA) 15
Acc. Voltage (kV) 15
Take off Angle 40
Tilt Angle 0
Azimuth Angle 0
Elements Na, Mg, Al, Si, K, Ca, Ti, Fe, Ba
Standard mats. Albite (Na, Si), periclase (Mg), plagioclase (Al, Ca), sanidine (Si, K), rutile(Ti), hematite (Fe) and barite (Ba)
Matrix correction Pap-correction method (Pouchou and Pichoir, 1984)
EDS:
Acc. Voltage (kV) 20
Beam Current (nA) 1
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SILLS was also used when determining the concentration of the trace-elements from
the measured muscovite, K-feldspar and plagioclase from the pegmatite bodies. The
amount of SiO2 measured with the WDS was used as the internal standard in SILLS
for quantification of the other elements.
4.3.1. Wavelength-Dispersive Spectrometry theory
The WDS method is based on that individual elements have characteristic X-ray
signatures. As an electron beam of high enough energy is directed at a sample X-ray
is generated which can then be used to gain quantitative data of the individual
elements.  In addition to the X-ray other form of emission is released in the form of
secondary, backscattered and auger electrons. The X-rays of the analysed element are
then converted into photoelectrons.  The photoelectrons generate an electrical signal
that can be measured by the detector to quantify the magnitude which directly
correlates to the abundance of the measured element. The WDS method can only
measure a single element at great precision at a given time while the EDS can measure
multiple and provides a quicker way of qualitative identification of minerals.
4.3.2. Energy-Dispersive Spectrometry theory
Qualitative EDS (Energy-Dispersive X-ray Spectroscopy) was used to determine the
minor  minerals  found  within  the  samples  present  in  the  different  zones  of  the
pegmatites bodies of Altim and Tamanduá. The EDS uses a source to produce a higher
energy beam in the form of X-rays that are then directed at the sample. The incoming
beam causes the electrons to vacate from the inner shells, the vacant spot is then filled
with an electron from one of the outer shells. The electron reposition from the higher-
energy outer shells to one of the lower-energy inner shells produces energy in the form
of X-rays. An energy-dispersive detector is then used to separate the characteristic X-
rays of different elements into an energy spectrum. The energy spectrum can then be
analysed with the use of an EDS-software (Table 6) to determine the elements and
semi-quantitatively the abundance of the specific elements.
5. SAMPLE DESCRIPTION
5.1. Petrography and Microthermometry
The fluid inclusions that are found in the samples are mainly pseudosecondary very
seldom are the fluid inclusions clearly primary or secondary by nature. The samples
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have, however, clear and well-defined fluid inclusion assemblages (FIA). Even though
some of the samples are clear and euhedral there aren’t clearly defined growth zones
in them, except for the Al-6 sample. The Tamanduá locality euhedral quartz crystal
appears to have more pseudosecondary fluid inclusions that make determining the
growth zones and individual FIAs complicated. The fluid inclusions in the euhedral
crystals of the Altim locality appear commonly as PS fluid inclusion assemblages that
relatively  well  define  the  limits  of  the  crystal  growth  at  the  time as  but  seldom the
actual growth zones of the crystals. Microthermometric measurements were performed
on the Al-1, Al-2, Al-3, Al-4, Al-5 and Al-6 and Tm-2, Tm-5, Tm-7 and Tm–8b
samples (Table 7).
Table 7. The table shows the Altim and Tamanduá samples and their corresponding zones and the FI
types that are found in them. Type A: High salinity liquid (70–80%) + Vapor FI. Type Ab: Moderate
salinity liquid (70–80%) + vapor. Type B: Low salinity liquid (70–80%) + vapor. Type C: Moderate
salinity aqueous-carbonic liquid (≤5%) + liquid CO2 + vapor. Type Cb: Moderate salinity aqueous-
carbonic liquid (20%) + liquid CO2 + vapor. Type D: Low salinity monophase liquid. Type Db:
Monophase vapor. There is no salinity data available from the D type fluids. The listed salinities are
average abundance of the most common FI types in the samples.
Zone Sample FI type Size (μm) NaCleq (wt.%) Sample FI type Size (μm) NaCleq (wt.%)
M
Al-1 A, Ab, B 10–160 17, 12, 4
Tm-8b D, Db, C,Cb, B <10–90 10, 7.5, 3.5Al-6 A, Ab, B <10–160 21, 14.5, 5
IV Al-2 B, Ab <10–30 4.5, 11 Tm-7 C, B <10–30 5.5
III Al-3 B, Ab <10–20 3, 14 - - - -
II Al-4 B <10–20 4, Tm-5 (?) C + B <10–30 11.5, 5.5
I Al-5 B <10–20 3.5 Tm-2 (?) D + B <10–30 11
5.1.1. Altim
The FI in the Altim thicksections were for the most part two-phase (L+V) inclusions.
Some of the FI from the Altim sample Al-1a showed several polyphase inclusions
(Randive et al., 2014) (inclusions with more than two phases); liquid + gas + solid (1)
+ solid (2). Some of the FI in the Al-1 sample were possibly halite-saturated showing
vaguely cubic daughter crystals, however, this could also be evidence for accidentally
trapped solids. Some fluid inclusion assemblages within the earlier crystallization
events show vapor-rich two phase FI potentially even near monophase vapor FI (Table
7). The Al-2, Al-3 and Al-4 quartz samples have unclear appearances with
microfractures showing at least 3 distinct directions.
Al-1a: The Al-1 sample is most likely from a miarolitic cavity found in the pegmatite
from the Altim locality (Figure 19). The Al-1a sample from the Altim locality has the
most clearly defined features and fluid inclusions of the samples from the area. The
quartz crystal shows at least 3 distinct stages of quartz overgrowth, separated by thin
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dark seams lining the growth surfaces (Figure 19A), comprising; (1) the “core” (first-
stage) quartz, (2) intermediate quartz and (3) a latest quartz crystallization zone. The
1st and  2nd zone have similar appearance with plenty of P and PS fluid inclusion
assemblages. However, there is an almost complete absence of fluid inclusions in the
3rd zone similar to the features in the smoky quartz described in Thomas et al. (2009).
The border also defines a difference in time as some of the earlier formed cracks within
zone 2 ends at the border while other cracks are continuous through zone 2 and 3.
Potential evidence of two pulses of late stage fluids/melt. The possible border of zone
1 and 2 is visible as a euhedral quartz “peak” within the sample (Figure 19A). The FI
are for the most part liquid dominated type-A two phase with a few FI with 3 phases;
Type-A + solid.
The samples Al-1a, Al-1b and Al-1c have clearly defined growth features seen best in
the Al-1c sample. There also appears to be some secondary fluid inclusions from later
events that are crosscutting the growth zone seen in the sample. The samples euhedral
crystal structure is evident of free-growth in open or malleable environment.
Al-1b: The sample represents the top part of a euhedral quartz crystal and contains
significantly less fluid inclusions than the other thicksections from the Al-1 crystal
(Figure 19). The sample shows the same zonation 2 and 3 as the Al-1a thicksection but
zone 1 is not visible due to break-off. The same deformation structures (cracks) are
visible in the AL-1b as is in Al-1a and have the same orientation indicating possible
stress at the later stages of the formation of the zone 2. Most of the cracks end at or
very close to the growth features between the zone 2 and 3 indicating a change in the
surrounding which could also be the cause of the seam and change in crystallization,
a possible pressure drop might have caused the cracks in the quartz.
Al-1c: The sample is a lot like Al-1b with the top mostly barren from fluid inclusions
but with a possible perfectly developed trail of primary inclusions (Needs to be verified
by change of FI composition with the development of the quartz crystal – a PS would
have to have FI with similar compositions while a trail of primary FI would show a
change of trace-elements with the crystallization). The amount of PS FIA increase
down the side of the crystal,  a feature similar with the Al-1a,  some of which might
actually be primary inclusions but not well developed enough to certainly be able to
classify them. The thicksection also shows the same zonation that was present in the
Al-1b thicksection with zones 2 and 3. There are also a few possibly secondary fluid
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inclusion assemblages though their origin is uncertain because the mineral edge is
incomplete at the endpoint of the “secondary” trails.
Figure 19. A) Al-1a. B) Al-1b. C) Al-1c. D) Al-1.
The samples Al-1a, Al-1b and Al-1c have clearly defined growth zones seen most
clearly in the Al-1c sample. There also appears to be some secondary fluid inclusions
from later events that are crosscutting the growth zone seen in the sample. The samples
euhedral crystal structure is evident of free-growth in open or malleable environment.
Al-2: The thicksection was made from the pegmatitic quartz core sample consisting
purely of quartz (zone IV). The sample shows three distinct stress directions with two
of them being syn-formational FIA formed during the quartz formation
(microfractures) (Figure 22E) and a younger deformation which is post-formational.
The FI occur within the healed fractures of the quartz forming PS FIA and few if any
at all are primary.
Al-3: The sample is from the intermediate zone of the pegmatite (zone III). The sample
contained quartz with massive crystal of beryl (Figure 20B). The thicksection is much
like the section from the quartz core showing microfractures of two distinctly different
directions and older deformational cracks.
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Al-4: The sample is from the graphic pegmatite zone (zone II) and contains quartz and
K-feldspar intergrowth with larger crystals and large columbite-tantalite crystals. The
thicksection has clearly defined microfractures where most of the FI are found in that
shows one main direction of stress.
Al-5: The sample is from the border zone of the pegmatite (zone I) and contains quartz,
muscovite, K-feldspar and some minor biotite. The quartz shows deformation lamellae
with one main direction and some older post-formational cracks. The FI are mostly
from the deformation lamellae.
Figure 20. A) Al-2. B) Al-3. C) Al-4. D) Al-5. E) Al-2 thicksection. F) Al-3 thicksection. G) Al-4
thicksection. H) Al-5 thicksection.
Al-6: The Altim sample Al-6 is a cluster of euhedral crystals with what appears to be
well developed zones of crystallization (Figure 21A). The dissection of the sample
showed well defined growth zones in the euhedral crystals. The sample appears to have
had several stages of development as the bottom part of the cluster has doubly
terminated euhedral quartz crystals with overgrowth of a later stage of larger euhedral
crystals. The feature is in agreement with the observation of the euhedral quartz of Al-
1 which showed similar features of several crystallization events and later stage influx
of melt within the cavity of the formed euhedral quartz. As mentioned earlier the Al-6
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sample has clearly defined growth zones while the other euhedral crystals have not got
them could the Al-6 sample have had a different growth history than the rest  of the
Altim locality samples?
Figure 21. A) Al-6a. B) Al-6b. C) Al-6c. D: Al-6 with the thicksections for the outlines of figures A-C.
The growth zones of the sample Al-6a are clearly visible in figure A.
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Figure 22. A–D: Al-1. A) some of the largest P FI found in any of the samples. B) PS fluid inclusion
assemblage. C) Close-up of the B sample showing needle like solid. D) P FI showing tiny cubic solid.
E) Al-2 shows the typical pattern produced by microfractures in the quartz. F) Al-3. G) Al-4. H) Al-5.
5.1.2. Tamanduá
The Tamanduá samples were taken from the different zones of the pegmatite body and
there is also a sample of columbite-tantalite from the pegmatite body although the zone
from which this has been taken is unknown.
Tm-2: The sample is from the border or graphic zone (zone I or II) of the Tamanduá
locality pegmatite and contains much like the Altim equivalent sample; quartz, K-
feldspar, muscovite and very little biotite (Figure 23A, E). The sample is very rich in
muscovite with the quartz crystals defining the muscovite morphology (Figure 24A).
There is some graphic granite in the sample as well. The quartz has numerous
microfractures filled with FI that show at least two definable main stress directions
with several not as easily definable directions. There appears to be three distinct FI
types; type D and B.
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Figure 23. A) Tm-2. B) Tm-5. C) Tm-7. D) Tm-8; E) The scan of the Tm-2 section. F) The scan of the
Tm-5 section. G) The scan of the Tm-7 section.
Figure 24. A) Tm-2, the quartz is the most abundant centremost grain with muscovite visible on the left.
B) Tm-2. C) Tm-5. D) Tm-7.
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Tm-5: The sample is from the graphic pegmatite zone (zone II, close to zone I)
containing some graphic intergrowth of quartz and K-feldspar with minor muscovite.
The microfractures show no clear main deformation direction but only minor
seemingly random directions. There appears two distinct FI types in the Tm-5 sample,
type D and C.
Tm-7: The sample is from the quartz core (zone IV) of the pegmatite body. There are
four main microfracture directions forming mostly PS FIA. There are some fluid
inclusions that can be identified as primary within the thicksection of the sample. Most
of the FIA are type C fluid inclusions type B FI. The type C fluid inclusions are
extremely small in the sample that only through the rapid oscillation of the vapor
bubble at slightly elevated temperatures were identifiable as type C.
Tm-8a: The TM-8 sample is a euhedral quartz crystal from a miarolitic cavity within
the pegmatite. The thicksection is from the bottom part of the crystal. There are mostly
pseudosecondary fluid inclusion assemblages with a few primary FIA. The FI in the
sample are for the most part aqueous-carbonic with major vapor with minor liquid
components (type C) (Figure 25).
The Tamanduá sample have some features that could be evident of possible boiling of
the pegmatite system. Whether these features are boiling events or only phase
separation is uncertain. There are also FIA with immiscible liquids showing two
distinctly  different  liquid  phase  abundances  as  well  as  FIs  with  distinctly  different
phases in the same assemblage. Most of the FI that appear to be completely monophase
vapour or liquid are in fact type C fluid inclusions showing very minute amounts of
liquid. Some of the inclusions are potentially melt inclusions.
Tm-8b:  The  thicksection  is  from  the  quartz  pyramidal  top  of  the  crystal.  The
thicksection has a few clearly defined growth zones dividing the quartz crystal into
four possible distinct growth events. There are a few individual FI that are most likely
primary and a few secondary FIAs.
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Figure 25. A–D are from the Tm-8a and E–F are from Tm-8b sample showing different types of FIA
present in the sample. A shows PS trails of monophase vapor FIA. B show type-C and nearly monophase
vapor type Db FIA. C is type C FI with minor vapor bubble. D show possible effects of phase separation
with the vapor bubble changing drastically within the sample FIA. E and type C with minor vapor.
6. RESULTS
6.1. Fluid Inclusion Analysis
The LA-ICP-MS analyses were conducted on fluid inclusions from which extensive
microthermometric studies had been performed on. Out of the roughly 300 fluid
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inclusion LA analyses approximately 40% yielded signals that were usable that would
give accurately reproducible results from measurements within the same FIA. The
success rate of the laser ablation for the Altim was however, significantly higher (near
55%) than that of the Tamanduá (<30%) of the pegmatite bodies quartz. The quartz
behaviour was for the most part poor with decrepitation and chipping of the quartz
happening constantly even though thorough pre-drilling and attempts to use the correct
fluence values. Even though the Altim quartz behaved worse in regard to the chipping
behaviour the Tamanduá samples proved even worse through constant leaking of the
fluid inclusions. The FIs from the Tamanduá pegmatite quartz were for the most part
type-c which proved to behave extremely poorly during laser ablation. The FI would
in many cases leak after the first pre-drilling shot at the quartz and in some cases the
quartz would not even ablate at all.
The successful FI signals that we were able to gain showed major and trace-element
signatures that clearly divided the two pegmatite bodies from each other. Also, we
attempted to measure the values of niobium, tantalum and iodine seen in the test shots
of a few fluid inclusions from the Altim body. We managed to measure the
concentrations  of  Nb  and  Ta  from  the  fluid  inclusions  additionally  we  managed  to
quantify the amount of I (Table 8) found within the FI using newly attained standard
values for the I within the Sca-17 samples.
The solid phases present in the Al-1 sample were potentially halite (colourless cube)
but the microthermometric studies did not support this as the FI didn’t show ice-
melting temperatures indicative of halite. Additionally, solids would precipitate
occasionally from FI that were potentially hematite flakes. These hematite flakes
precipitated when the FI were reheated from totally frozen during the
microthermometry experiments. Similar flakes formed in the FI during laser ablation
of the FIs.
The fluid inclusion analysis showed significantly varying concentrations of elements
between the different zones of the pegmatite and even between the two different
miarolitic quartz crystals from the Altim pegmatite. The chlorides of the fluid
inclusions were composed of NaCl, KCl and CaCl2 forming the main components of
the brine. Na, K and Ca were found in all of the FI from all of the zones with lower
concentrations  within  the  PS  FI  for  K  and  especially  Ca  which  was  occasionally
completely absent from the PS FIs.
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Li shows highest concentrations in the miarolitic quartz with concentrations up to 10x
higher than in the other zones. Al shows in general opposite behaviour with the lowest
concentrations (avg. 50 ppm for primary FI) in the miarolitic quartz with highest
concentrations between 1080–15000 ppm in the zones I–IV (Figure 27, Table 8).
Be and B are highly enriched in the earlier zones I–IV compared to the concentrations
in the miarolitic quartz FIs (Figure 27, Table 8).
The  FIs  from  the  Altim  miarolitic  quartz  showed  a  distinct  enrichment  in  the
concentrations of Zn (470–1300 ppm) in primary FIs compared to the zones I–IV (avg.
30 ppm) of the Altim pegmatite and any of the zones of the Tamanduá pegmatite body.
The  highest  concentrations  of  Mg,  Mn Fe  and  Pb  also  correlated  with  the  zones  of
highest concentrations of Zn (Figure 26, Figure 29, Table 8).
Sr, Cs and Ba have distinctly higher concentrations in the miarolitic quartz with
distinctly lower concentrations in the earlier zones I–IV. There is significantly less Sr,
Cs and Ba in the Tm-8 FIs compares to the Al-1 and Al-6 (Figure 28, Table 8).
Br shows clearly elevated concentrations in the miarolitic Al-1 and Al-6 P fluid
inclusions. The other zones in the Altim pegmatite and the Tamanduá pegmatite body
have significantly lower concentrations. The iodine in the samples show no clear
pattern (Figure 28, Table 8).
The Tamanduá P fluid inclusions are quite low in K and Rb in general while the PS
have higher concentrations. The opposite situation is true for the primary Altim fluid
inclusions which shows elevated concentrations of K and Rb (Figure 27, Table 8).
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Table 8. Average elemental abundances for the FIAs for the samples from Altim and Tamanduá. Values have been rounded for ease of read to contain three significant digits
and values of ≥10000 have been rounded to nearest hundred.
Sample FIA FI type Li Be B Na Mg Al Cl K Ca Mn Fe Cu Zn Br Rb Sr Nb I Cs Ba Ta Tl Pb
Al_1a FIA 01 P 690 0.26 52.3 53100 440 15.9 93500 5800 6800 680 1160 6.56 640 290 130 1030 0.74 n/a 210 210 0.06 5.67 200
Al_1a FIA 02 PS 170 1.46 34.0 10900 280 350 23900 700 3900 24.8 n/a 0.62 9.45 120 13.3 160 0.07 15.6 15.9 3.44 0.07 0.66 2.22
Al_1a FIA 04 P 930 0.67 70.8 72100 650 57.5 163100 8700 26900 2400 2000 2.62 1020 890 220 2390 0.23 21.2 260 630 0.09 8.36 350
Al_1a FIA 05 P 560 0.31 51.3 40600 580 100 79300 4400 5300 410 700 5.42 470 240 110 820 0.89 1.70 160 170 0.21 4.56 170
Al_1a FIA 07 P 870 n/a 52.2 61500 190 n/a 119300 7000 7900 800 1200 2.19 820 520 160 1240 0.11 4.24 250 250 0.09 6.29 270
Al_1a FIA 09 P 1380 2.29 93.5 73200 680 47.9 138100 9600 12100 730 1800 4.86 990 710 200 1950 0.21 23.6 320 380 0.09 7.88 260
Al_1a FIA 11 P 1270 1.70 210 80500 720 57.3 184800 9500 8300 1100 3600 9.92 1180 1640 180 1320 1.26 59.2 340 390 0.14 7.91 300
Al_1a FIA 13 P 510 0.72 40.5 37000 230 23.4 115000 5500 14300 750 2900 1.49 590 800 130 1150 0.02 80.6 150 270 0.04 5.30 140
Al_1b FIA 01 PS 44.3 1.38 25.1 17300 5.32 17.1 14100 600 3400 2.29 n/a 1.55 13.8 210 13.9 10.37 0.13 31.0 7.55 1.50 0.06 1.97 7.44
Al_1b FIA 05 PS 430 3.53 93.3 16300 74.0 450 19300 800 200 44.5 260 1.51 5.77 390 15.7 42.25 0.07 78.4 12.2 5.93 0.05 1.16 1.54
Al_1c FIA 05b P 1110 0.47 60.0 57900 350 11.9 142300 8700 11800 840 1700 2.12 1070 1080 180 1670 0.06 13.9 290 310 0.07 7.59 260
Al_1c FIA 05c P 1130 0.20 63.0 82400 320 1.31 125500 8500 11200 830 1600 1.45 790 710 180 1850 0.11 4.71 280 370 n/a 5.36 220
Al_1c FIA 06 P 900 0.49 79.1 52700 610 37.6 121800 6100 10600 1320 1800 5.78 820 520 140 1250 3.48 19.1 210 260 5.84 9.84 220
Al_1c FIA 07a P 1050 2.17 130 76800 560 n/a 169400 9500 13700 940 1900 1.11 1250 1250 240 2380 0.04 n/a 330 510 0.81 6.14 260
Al_1c FIA 07b P 1450 0.34 130 78100 730 42.0 177300 10900 14400 3700 10100 2.06 1320 810 240 3150 0.17 27.0 330 590 0.30 8.39 290
Al_2 FI 04 PS 710 40.3 4330 19100 14.1 14970 9800 100 n/a 24.6 410 8.15 31.3 440 5.45 0.17 0.27 27.6 26.9 1.07 0.26 1.53 1.56
Al_2 FI 05 PS 420 43.5 4470 18100 15.6 13010 5200 100 900 27.3 230 130 13.7 370 77.0 0.30 0.06 24.6 16.7 3.25 0.20 1.27 1.31
Al_2 FI 10 PS 43.5 190 4500 15900 n/a n/a 5000 100 n/a 120 260 160 18.2 n/a 1.30 n/a 0.73 106 21.8 n/a 0.35 n/a 6.74
Al_2 FIA 01 P 140 13.9 120 50400 2780 1740 163000 4000 30500 130 200 1.28 39.5 410 110 1410 n/a 142 130 120 0.48 6.19 5.66
Al_3 FI 06 PS 480 25.7 4500 13400 7.36 n/a 16100 700 500 250 n/a n/a 57.9 n/a 22.6 n/a 0.81 36.0 38.2 6.72 0.54 n/a 10.5
Al_3 FIA 02 PS 40.5 n/a 1290 10300 0.55 2900 n/a 2100 2100 72.1 350 1.18 n/a n/a 42.7 0.25 n/a 107 83.2 n/a 0.26 0.67 n/a
Al_3 FIA 04 P 240 15.4 150 58900 190 1080 141500 3900 18500 140 170 5.64 110 860 100 1150 0.56 91.3 120 92.7 0.30 3.02 13.8
Al_4 FI 01 PS 100 53.0 750 15500 2.44 2400 11900 600 n/a 62.5 510 3.61 91.8 1210 5.15 7.99 2.87 41.0 6.44 4.79 2.49 8.93 8.93
Al_4 FI 04 P n/a 18.3 40.0 35500 340 1160 69700 2700 30400 610 n/a 1.78 100 220 66.1 1370 0.19 2.19 94.6 200 0.11 5.18 24.2
Al_5 FI 01 PS 150 n/a 1100 13300 13.8 7000 3800 200 n/a 59.5 680 8.99 15.0 140 6.22 0.90 0.06 n/a 18.0 3.03 0.12 2.89 2.10
Al_5 FI 02 PS 380 23.4 1020 11700 9.55 6570 1900 700 600 26.2 120 6.39 7.68 150 4.60 0.63 0.20 9.47 8.71 8.10 0.11 1.53 n/a
Al_5 FIA 01 PS 56.8 20.0 890 14300 2.38 2670 4300 300 3900 1440 290 4.32 29.8 460 2.41 1.62 0.61 37.9 10.0 5.80 0.39 2.71 n/a
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Table 8. (Continued)
Sample FIA FI type Li Be B Na Mg Al Cl K Ca Mn Fe Cu Zn Br Rb Sr Nb I Cs Ba Ta Tl Pb
AL_6a FIA 01 P n/a 1.05 48.2 83200 150 n/a 142700 2180 13000 490 93.4 2.83 770 1070 69.6 1700 0.18 25.9 240 320 0.14 6.23 210
AL_6a FIA 02 P 720 2.22 100 78700 360 n/a 139700 7500 15100 680 1680 15.7 1130 660 220 2200 0.18 94.0 350 430 0.75 7.19 220
AL_6a FIA 04 PS 950 12.8 450 20600 56.3 820 25400 40 990 14.4 n/a 45.3 n/a n/a 7.10 n/a 33.7 n/a 32.2 40 0.44 n/a 24.6
AL_6a FIA 05 P 2410 3.89 270 83800 1520 84.8 184400 8600 3900 670 2400 39.3 980 1990 240 1200 4.80 2.56 630 490 1.48 17.0 390
AL_6a FIA 05 PS 540 0.99 2540 16800 4.96 190 2900 650 1620 1.33 8.1 1.12 6.74 490 18.4 0.06 0.79 10.8 100 0.00 0.02 1.74 0.49
AL_6a FIA 07 PS 360 n/a 1220 9600 n/a n/a 2000 610 1410 n/a 16.5 0.09 4.58 n/a 0.86 n/a n/a n/a 20 n/a n/a n/a n/a
AL_6b FIA 01 P n/a 9.32 110 68000 76.7 36100 82300 2900 n/a 61.7 210 6.74 87.9 550 57.7 7.42 n/a 33.3 130 80.8 0.26 0.42 40.3
AL_6b FIA 02 P 160 1.35 50.1 55900 44.5 430 109700 1890 9690 1060 200 1.93 560 390 61.5 1520 n/a 8.00 560 520 0.00 6.69 160
AL_6c FIA 01 P 180 1.05 76.9 75100 480 2210 336600 12300 26700 2290 1990 3.70 860 4280 260 2290 9.09 40.6 290 530 0.14 11.7 230
AL_6c FIA 03 P 360 0.39 99.0 88000 350 1100 143300 10000 5470 1230 2590 3.27 850 530 200 1060 n/a 7.69 350 310 n/a 7.18 240
AL_6c FIA 04 P 780 5.22 50.7 90800 30.9 n/a 250300 1300 6080 220 280 2.38 770 1660 46.3 1080 0.15 7.39 150 190 n/a 3.05 190
Al_6c FIA 05 P 230 0.73 63.5 77100 350 360 164300 8640 19600 1190 590 2.37 1000 680 200 1910 0.01 17.7 290 430 0.05 9.38 250
AL_6c FIA 05 PS 160 n/a 4.90 18300 19.0 190 32200 1080 320 28.4 23.3 0.60 65.9 120 20.7 90.9 0.00 0.74 47.6 33.4 0.00 1.49 25.9
Tm_5 FIA 01 PS 59.6 47.1 2730 25900 650 10200 6900 1590 1170 11.8 210 72.8 22.8 690 58.2 18.7 5.46 6.37 400 4.77 0.14 1.31 1.22
Tm_5 FIA 02 PS 73.7 28.2 3190 34700 140 11400 8800 3060 5460 n/a n/a 300 44.4 650 160 14.5 1.35 34.7 1090 8.21 0.40 4.50 9.22
Tm_5 FIA 05 PS n/a 40.7 5250 44200 n/a 17200 16300 6990 360 150 1550 1580 130 650 260 3.10 0.56 27.6 670 6.35 0.68 6.12 4.58
Tm_5 FIA 06 PS 41.3 53.6 1610 20600 4.05 5610 4400 2170 270 59.6 160 66.9 20.5 390 69.0 6.05 0.16 17.8 410 22.4 0.16 1.87 4.62
Tm_7 FI 01 PS 140 n/a 1280 21500 n/a 16800 100 550 n/a 32.6 290 1.97 15.6 n/a 34.0 n/a n/a 16.1 20.6 1.54 n/a 1.58 5.12
Tm_8b FI 01 P 230 1.95 19.5 28300 19.7 5.26 36000 590 820 5.43 12.5 0.79 3.62 160 30.1 260 0.06 5.99 51.5 180 n/a 0.55 0.34
Tm_8b FI 02 P 410 n/a 22.1 29200 27.1 18.5 75100 1230 130 2.49 n/a 1.98 16.3 870 61.6 210 0.29 100 76.9 160 0.20 1.25 1.74
Tm_8b FI 02 PS 400 10.3 4.99 21500 5.45 3.25 95600 1930 13200 60.2 n/a n/a n/a n/a 110 46.9 0.27 130 71.1 37.9 0.19 n/a n/a
Tm_8b FI 03 P 610 3.03 19.4 37900 75.7 610 88900 1600 1350 4.28 4.71 7.2 3.80 570 120 330 0.06 8.68 100 220 n/a 2.59 7.70
Tm_8b FI 06 P 150 n/a 46.0 39500 n/a n/a 58400 740 1670 190 n/a n/a 8.74 n/a 42.5 12.3 0.18 35.3 91.5 13.2 n/a n/a n/a
Tm_8b FI 10 P 2290 20.1 n/a 27900 15.9 2120 n/a 720 20500 n/a 100 n/a n/a n/a 42.8 89.4 1.56 n/a 29.7 40.9 5.55 14.2 16.0
Tm_8b FI 11 P 800 7.47 37.3 40800 63.5 590 47700 1510 8220 71.6 830 22.3 47.8 220 83.4 270 0.45 80.3 100 170 0.30 0.32 6.00
Tm_8b FIA 03 P 400 58.9 29.8 39700 20.3 3.42 72300 1340 3900 85.1 18.8 34.2 19.9 220 100 400 0.02 31.9 100 250 0.91 2.28 0.37
Tm_8b FIA 05 P 640 11.7 n/a 14600 4.26 220 31500 190 2750 n/a n/a 8.33 56.6 740 7.36 22.7 n/a n/a 7.74 5.97 n/a n/a n/a
Tm_8b FIA 05 PS 420 3.88 3.88 13800 350 140 12800 470 13200 10.9 11.6 1.28 45.1 30 19.8 97.4 0.26 16.9 26.9 120 0.10 12.7 1.03
Tm_8b FIA 06 P n/a 19.9 14.3 26900 24.5 85.8 26400 680 8090 6.7 51.3 4.77 31.7 290 32.6 97.5 n/a 150 31.0 41.7 0.18 2.62 0.83
*The elevated values of most likely due to some form of solid within the FI.
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Figure 26.  The figures show the behaviour of lithium, beryllium, boron, zinc, copper, iron, niobium, tantalum, lead and zinc in the different groupings composed of the FIA,
zones and FI types.
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Figure 27. The plots show the concentrations of lithium, boron, sodium, potassium, calcium, rubidium,
over the concentrations of measured chlorine from the LA-ICP-MS analyses.
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Figure 28. The plots show the concentrations of strontium, cesium, barium, thallium, bromine and
iodine over the concentrations of measured chlorine from the LA-ICP-MS analyses.
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Figure 29. The plots show the concentrations of magnesium, manganese, iron, copper, zinc and lead
over the concentrations of measured chlorine from the LA-ICP-MS analyses.
6.1.1. Metals
The Zn and Pb concentrations show average ratios of Zn/(Zn+Pb) 0.78 for both of the
Altim miarolitic samples Al-1 and Al-6. The non-miarolitic quartz samples from Altim
and Tamanduá both have Zn/(Zn+Pb) average ratio of 0.86. The Tm-8 sample has
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Zn/(Zn+Pb) average ratio of 0.94. All the values are very similar to the average ratios
of MVT deposits of 0.73±0.19. The measured ratios and plotted Zn/Cl, Pb/Cl (Figure
29) of the Al-1 and Al-6 cluster resemble most closely Salton Sea Geothermal Brines
(Williams et al., 1988) or Pyrenees (McCaig et al., 2000) from the compiled sources
of metals bearing fluids by Yardley et al. (2005) (Figure 30). The Tm-8 resembles
most closely the Offshore Louisiana Brines (Land et al., 1988).
Figure 30. The plots by Yardley et al. (2005) show the concentrations of transition metals in crustal
fluids vs. the chloride concentrations. a) Iron b) Manganese c) Zinc d) Lead e) Copper.
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Pb is quite high in Altim P fluid inclusions while the Pb is low in the PS ones in
general. The Tamanduá show low values of Pb across the board. There is a strong
correlation between the amount of Pb and the amount of Zn. The trend is relatively
linear with a 4:1 ratio Zn/Pb with the amount of Zn being relatively low as long as the
amount of Pb doesn’t exceed 50 ppm. Once the amount of Pb is exceeded the amount
of Zn in the fluid inclusions also rises more steeply close to a 5:1 ratio (Figure 31).
The high concentrations of Zn and Pb were measured in the fluid inclusions that
showed the highest salinities.
Figure 31. The figure shows the distribution of zinc (ppm) and lead (ppm) for Altim and Tamanduá. The
ratio of Zn/Pb for the Altim pegmatite body is very close to 5:1 in a very clearly defined linear
correlation, however, the Tamanduá shows quite erratic behaviour. The different colours representing
different FIAs.
There appears to be a strange break in the correlation between the amount of Zn and
the amount of Nb (more strongly for Nb) and Ta. There appears to be a linear
correlation  between  the  amount  of  Zn  and  Nb  with  a  ratio  of  100:1  as  long  as  the
amount of Zn doesn’t exceed 200 ppm, they represent the earlier quartz formations in
the Altim pegmatite body and all the values gained from the Tamanduá pegmatite
body. But once the Zn is above 400 ppm there is absolutely no correlation between the
two elements regardless of the amount of Zn (Figure 32) the higher non-correlative
values are from the euhedral quartz from the Altim bodies both Al-1 and Al-6.  The
average amount of Zn for FIAs appears to be the easiest way to distinguish the P from
PS FI and distinguish the two pegmatite bodies Altim and Tamanduá from each other.
Is Zn the limiting factor which forces the precipitation of Nb and Ta from the fluids to
form minerals while Zn continues to increase? Similar pattern is shown by Pb which
is logical since the Pb show a linear correlation with the concentrations of Zn.
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Figure 32. The figure to the left shows the Zn over Nb (ppm) and the one on the right the Zn over Ta
(ppm) concentrations from the fluid inclusions with data points for both Altim and Tamanduá
pegmatites. There appears to be a clear break in the trends going from low Zn to higher at around
200ppm for both Nb and Ta. A weak linear trend can be seen in the Zn/Nb at low Zn while there is no
trend at high Zn values. This linear trend is even weaker in the Ta.
There appears to be an apparent high Zn, Fe and low Cu content fluid inclusions in the
Al-1 sample (Figure 33).  Zn, Mn, Cs and Sr have opposite behaviour to Cu as they
appear to have high values in P FI in Altim while the Cu has high values in PS FI. Sr
and Cs behaves oppositely as they are high in the Tamanduá PS FIs while low in P
FIs.
Figure 33. Average values of Zn, Fe and Cu (ppm) from Altim (left) and Tamanduá (right). The Altim
miarolitic FI show clearly higher amounts of Zn with high Fe and low Cu while there is no such pattern
seen in the Tamanduá FIs.
The Fe values are quite scattered and erratic with the Altim being generally higher in
Fe than Tamanduá. Cu is in general low for both Altim and Tamanduá however, the
Cu appears to be slightly higher in the intermediate zone and border zones than in the
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euhedral quartz crystals. The Cu shows no apparent pattern within the euhedral quartz
crystal either.
The fluid inclusions that show the highest average amounts of Nb and Ta are FI from
the Al-4 and Al-5, and Tm-5 samples from the intermediate and graphic zones of the
pegmatite bodies. The Nb and Ta would then apparently be most present at earlier
stages of the development of a pegmatite body and have been already precipitated from
the fluids when the core quartz/euhedral quartz is formed. This is assuming that the
fluids present in the intermediate and graphic zones are primary and have not gone
through alteration at a later stage. As seen through EDS qualitative analyses there is a
relatively high abundance of columbite-tantalite in the zones so an earlier stage
deposition  is  relatively  logical,  however,  the  question  remains;  are  they  primary  or
only later stage occurrences. As stated by Burnham and Ohmoto (1981) the primary
deposition mechanics of columbite-tantalite is the hydrothermal events that happen at
the latest stages of the development of a pegmatite body thus giving plausible reason
to assume that the FI that are in the earlier zones could be hydrothermally altered and
therefore contain the higher amount of Nb and Ta.
There appears to be no apparent correlation between the salinity in the FI and the
amount of Nb or Ta that is present in them but there is a weak correlation between the
concentration of Nb and Ta which makes sense as both elements behave similarly and
occupy more or less the same spaces as each other in the mineral lattices. There is
however, an apparent correlation with the concentration of Al and the concentration of
Ta in the FI. The amount of Ta is directly proportional to the amount of Al in most
cases, however, the Al-6 FI seems to have a negative correlation at higher
concentrations of Al but in those the concentration of Li goes up (Figure 34).
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Figure 34. The figures show the correlation between the concentration of Al (ppm) and the
concentration of Ta (ppm) in the Al-1a-c, Al-6, Al-2, Tm-8b, Tm-5 and a combined grouping of all the
PS FIA.
The chemical evolution of columbite-tantalite group minerals is often expressed with
a Ta/(Ta+Nb) over Mn/(Fe+Mn) plot which may show the fractionation of columbite-
tantalite minerals going from a more Fe and Nb rich to a more Mn and Ta rich (Figure
35). The Altim and Tamanduá pegmatite bodies follow mostly the trend line 1 of the
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Ta-Nb-Fe-Mn columbite quadrilateral (Figure 36). The trend line 1 represents less
fractionated pegmatites (Beurlen et al., 2008; 2014).
Figure 35. The diagram on the left shows the classical chemical evolution plot of columbite-tantalite
group minerals for the Altim and Tamanduá primary fluid inclusions. The plot on the left (Melcher et
al. 2016) shows the placement of the columbite-tantalite group, wodginite (Wdg) and tapiolite (Tap) in
the BPP and Eastern Borborema Pegmatite Province (EBPP)
Figure 36. The figure shows the trends of Mn and Ta in the chemical evolution plot of the columbite-
tantalite group minerals. The (1) is the ferroan or beryl-columbite-pegmatite type trend line, (2) is the
manganoan or complex Be-Li-Ta-Cs pegmatite type, (3) is the reverse trend at the end of fractionation.
The plot is from Beurlen et al. (2014).
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The signals of 17mar16_a21-28 show a distinct pattern of enrichment of Al as the
ablation comes closer to the FI. This appears to be a feature that is caused by the
healing of a crack in the quartz and the consequent entrapment of PS FIA (Figure 37).
The increase in Al as one progresses towards the FI causes problems in quantifying
the FI signal since the increased Al in the host quartz forces one to use the host quartz
signal closest to the actual FI which might cause the quantification of Al in the FI to
show vastly lower concentrations of Al.
Figure 37. The figure shows the signal behaviour as the ablation approaches the FI in a PS FIA. The
Al and Li values increase at a steady phase with no evidence of leaking as the Na remains low.
6.1.2. Alkali- and earth alkali metals
The correlation between the combined calculated salinity from Na, Ca and K has a
correlation with the amount of measured Cl where the trend line is close to 1 (Figure
38). There also appears to be a continuum in salinities going from zones 1–4 and
miarolitic cavities (Figure 39).
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Figure 38. The calculated combined salinity from the Na, K and Ca (ppm) values from the fluid inclusion
analyses from Altim and Tamanduá. The plots appear to create a continuum of salinities between the
two pegmatite bodies reaching from low salinity secondary/pseudosecondary to moderate salinity
aqueous carbonic and high salinity primary/late stage fluid inclusions from the miarolitic quartz.
Figure 39. The figure shows the combined calculated salinity of the Na, K and Ca over the different
localities and FI types.
There  is  no  fractionation  behaviour  seen  with  the  ratios  of  Ba/Rb  within  a  single
crystallization phase of the euhedral quartz Al-1a-c. The ratios of Ba/Rb remains the
same regardless of the distance to the border of the crystal. There is, however, a weak
fractionation seen in the Ba/Rb ratio when moving from zones 1 to 4 and the miarolitic
samples. The Ba/Rb ratio increases over time from the earliest zone 1 to zone 4 (Figure
40).  Sr,  Cs,  Ba  and  Tl  plotted  over  the  K/Rb  ratios  shows  some  grouping  of  the
different pegmatites and zones within the pegmatites. The most notable plot that shows
clear  division  between  the  alkali  and  earth  alkali  are  Sr  and  Cs  in  the  Tamanduá
samples (Figure 41).
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Figure 40. The figure shows a weak fractionation trend going from zone I to IV and the miarolitic FI in
a Ba/Rb over Ba (ppm) plot.
Ba and Tl show high values in P FIs while the concentrations of the elements are low
for the PS FIs, this pattern is similar for Altim and Tamanduá alike. The Ba/Rb ratio
is approximately 2:1 in most of the crystals with a change to 3:1 the closer to the border
of the crystal you get showing a potentially extremely weak fractionation behaviour
with the formation of the final stages of the pegmatite body.
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Figure 41. The plots show the abundance of Sr, Cs, Ba and Tl over the K/Rb ratio, the plots are typically
used to show the degree of fractionation.
There is a weak correlation between the amount of Be and the amount of B the trend
line is close to one with the amount of B being roughly 2 orders of magnitude higher
in a weak linear correlation (Figure 42). However, for the P FIs of Al-1 and Al-6 there
is a strong drop in the amount of Be.
Figure 42. The plots show the pattern of Be/B ratios for the Altim and Tamanduá pegmatite bodies.
The B appears to increase going to the Al-5 samples. The core quartz appears to have
the highest values of B while also having the lowest Li and K values. B/Cs plot shows
a neat grouping of the different zones and fluid types of the pegmatite bodies (Figure
43).
62
Figure 43. The plots shows the clear division of the different samples according to their B over Cs
concentrations.
There appears to be a distinctive trend of the Be becoming progressively depleted as
you get closer to the core and euhedral quartz within the pegmatite bodies (Figure 44).
This would indicate that the Be gets depleted due to beryl crystallization which is
evidently present in the Al-3 sample which as the quartz being in close relation with a
large beryl crystal.
Figure 44. The figure shows the progress of average Be of the Altim samples of the different zones. The
abundance of Be clearly diminishes as one progresses through the zones 1–4 and M with the miarolitic
quartz showing clearly lower values of Be.
The concentration of salinity within the quartz becomes progressively lower as you
move from the core of the quartz to the border (Figure 45). The abundance of other
elements gets similarly progressively lower. This pattern of change can be seen in the
euhedral quartz crystal from the Altim body (Figure 45).
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Figure 45. The ”Distance from edge” is a relative distance of FIAs from the edge of the miarolitic
quartz crystal Al-1; 1 being closest to the edge of the crystal and 6 is the innermost part.
From fractionation behavior we can determine that the Altim body appears to be less
fractionated than the Tamanduá pegmatite body and possibly closer emplaced to the
source of the pegmatite (Figure 46). Furthermore, the Al-6 sample appears to be closer
to the Tamanduá pegmatite body in terms of fractionation. The Altim pegmatite
appears to be more proximal to the pegmatite source as well due to the elevated values
of K found within the FIs.
Figure 46. The figure shows the behaviour of element ratios from the FI analyses. The elemental ratios
can be an indicator of the degree of fractionation for the pegmatite bodies.
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Furthermore, a strong fractionation pattern can be seen in the elemental ratios Mn/Fe
in the latest stages of the formation of the miarolitic quartz. Mn/Fe ratio increases as
fractionation increases when moving from the centre of the quartz crystal to the outer
zones (Figure 47).
Figure 47. There appears to be an apparent increase in the Mn/Fe ratio going from the innermost parts
of the miarolitic quartz crystal Al-1 to the edge of the crystal. 1 being the FIAs closest to the border of
the crystal and 6 being the innermost part.
The signal 17mar30_a25 from the Al-6 sample of euhedral quartz has slightly different
pattern showing clear signals for S, very high B, Al, Br, I. The signal is one of the few
where there is clearly iodine present in the fluid (Figure 48).
Figure 48. The fluid inclusion signal for the sample 17mar30_a25 shows unmistakable evidence for the
presence of 34S and 127I which in other samples had been extremely hard to determine. From the signal,
one can also observe the behaviour of 34S that the amount of measured 34S increases as the ablation
progresses causing a false amount of 34S in many cases when attempting to quantify it. The increase
here is not as extreme as it was in many other ablations.
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The Tamanduá body’s trace elements appear to place between the values seen in the
zones 1-4 and the euhedral quartz of the Altim body.
The trace-element signatures of the two pegmatite bodies would indicate that they
belong mostly to the mixed type of LCT + NYF with the Nb/Ta mostly near 1.5 (Al-6
and Tm-8). The Al-1 sample has higher average Nb/Ta ratios of up to 3.5 (excluding
largest outliers) and makes the Altim pegmatite seem to be leaning slightly more
towards a NYF type pegmatite while other trace element signatures would indicate it
belonging to the LCT. The same can be seen in the Tamanduá although it appears to
be slightly more LCT in nature.
There appears to be no apparent pattern in the behaviour of Br and I between the fluid
inclusion signals of the different zones.
6.2. Homogenization experiments
Homogenization experiments were performed on select fluid inclusions from the
different zones and of the different pegmatite bodies (Table 9). The estimated pressure
of the pegmatite formation for the Altim and Tamanduá localities were taken from the
FI studies on pegmatites done by Beurlen (2004; 2014) from the Borborema Pegmatite
Province. The general pressure estimate for the BPP was given as 3.5–3.8kbar.
Table 9. The homogenization temperatures measured from the Altim and Tamanduá pegmatite bodies.
Zone Homogenization temp. (°C) Phase
Al-1 180–220 V + L > L
Al-2 260–310 V + L > L
Al-3 290–320 V + L > L
Al-4 220–270 V + L > L
Al-5 260–320 V + L > L
Al-6 235–250 V + L > L
Tm-2 140–150 V + L > L
Tm-5 280–315 V + L > L
Tm-7 210–235 V + L > L
Tm-8b 180–230 V + L > L
Using the pressure estimate combined with the isochores calculated by using Loner
AP-program the intersecting area of entrapment temperatures for the Altim and
Tamanduá gave temperature ranges of 380–480°C and 460–520°C respectively for the
two zones (Figure 49).
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Figure 49. The entrapment temperature is determined from the calculated isochores with the pressure
estimate at 3.5–3.8 kbar. The dashed lines show the pressure estimates and the box shows the range of
estimated temperature minimum and maximum from the intersecting pressure lines and isochores.
There appeared to be a decrease in the entrapment temperatures moving from the Al-
6 to Al-2 zones with the lowest homogenization temperatures were seen in the
miarolitic quartz Al-1. The homogenization temperature for the Al-6 was relatively
high similar to zone Al-4. Homogenization temperatures from the Tamanduá area were
difficult to determine since most of the zones contained aqueous-carbonic FI that
tended to decrepitate upon heating. The few successful homogenization temperature
experiments yielded entrapment temperatures that were slightly higher than the
entrapment temperatures of the Altim locality.
6.3. Mineral analysis EPMA and LA-ICP-MS
The WDS measurements combined with the LA-ICP-MS analysis of the K-feldspar,
plagioclase and muscovite provided trace-element concentrations for both Altim and
Tamanduá pegmatite bodies which showed significantly different trace-element
compositions. While EDS analyses were performed on the unknown minerals seen in
the Al-4 and Al-5 and Tm-2 and Tm-5 samples that contained substantial amounts of
mica, K-feldspars and plagioclase. Through qualitative EDS analyses we could
determine some of the unknown minerals in the non-core quartz samples:
Al-4: The black “opaque” minerals that were found in the sample were determined to
be schorl (black tourmaline). There was also an abundance of apatite seen in the albite
where it occurred in the intersection of albite, K-feldspar and muscovite. Is this only a
feature that is achieved as it is the area of least pressure or the only remaining cavity
where mineral may precipitate. Additionally, there was an apparent Bi-silicate phase
present in the sample.
67
Al-5: The sample contained baddeleyite, apatite, CaFeAlSiO (garnet?), xenotime,
elemental lead, hematite and columbite. Most of the minerals were only found within
a cavity or crack in the sample. The apatite in the sample was only found in areas
where most of the muscovite had been consumed. The muscovite from the Al-5 sample
appears to be highly enriched in Nb.
Tm-2: There was plenty of apatite in the sample in good condition occurring on the
border between quartz and muscovite. The columbite-tantalite in the sample had
relatively  low values  of  Nb.  Albite  occurred  only  as  perthitic  intergrowth  in  the  K-
feldspar. Hematite present in the sample on the edge of the muscovite.
Tm-5: The sample shows plenty of apatite, Zr/CaO, hematite, pyrite, UO2, monazite,
columbite-tantalite as nearly pure columbite, MnO, MgFeSiO (pyroxene?), Ta-
phosphate. The high amount of phosphate minerals in the Tm-5 sample is also reflected
in the amount of P seen in the plagioclase from the thicksection (Table 12).
6.3.1. Feldspars and mica LA-ICP-MS analysis
The concentrations of major-elements measured with the LA-ICP-MS show
abundances that correlate well with the stoichiometric values of the major elements
found within each of the minerals in question.
Plagioclase: The plagioclase measured from the samples showed that the Altim and
Tamanduá samples are almost purely albite (avg. 86920 ppm) with only very minor
concentrations of Ca (avg. 440 ppm) (Table 12). The Tamanduá samples are slightly
more anorthitic. The concentration of K is higher than the concentration of Ca in some
of the Altim samples with quite large variation in concentrations between grains. The
plagioclase is almost completely depleted in other elements except for Be, P, Ti, Fe,
Ga,  Sr,  Ba  and  Pb,  the  most  notable  of  which  is  the  concentration  of  P.  The  Altim
samples have concentrations of P of 163–817 ppm while the Tamanduá Tm-2 has 250
ppm and the Tm-5 has concentrations of 1100–1400 ppm.
K-feldspar: The K-feldspars shows some variation between the major elements
between two grains within the same sample and between the two pegmatite bodies.
The most notable are the differences in concentrations of P, Na, Mg, Fe, Ga, Rb, Sr,
Pb and Bi. P, Mg, Fe and Bi are significantly higher in the Altim samples while Na,
Ga, Rb, Sr and Pb are more elevated in the Tamanduá samples.
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Mica: The micas show similar major element concentrations. The trace element
concentrations between the two pegmatite bodies and between the mica grains in the
samples showed greatest variation between Li, B, Mg, P, Sc, Ti, Mn, Fe, Zn, Rb, Zr,
Nb, Sn, Cs, Ba, Hf, Ta, W and Tl. B, Al, K, In and Sn are highest for the Al-4 sample.
Nb and W are significantly higher in the Al-5 sample compared to the other samples
with  the  Nb  concentrations  of  260–580  ppm  while  for  the  other  zones  the  Nb
concentrations are 1–200 ppm for Al-4, 200–290 ppm for Tm-2 and 230–245 ppm for
Tm-5. The W concentrations are on average about twice as high in the Al-5 sample
(40 ppm) compared to the other zones (20 ppm). The Al-5 sample contained muscovite
grains  with  the  highest  concentrations  of  Sc  and  Ti.  The  Tm-2  sample  shows  the
highest concentrations of Mg (4630–4780 ppm), average concentrations of Sc (18
ppm) and Ti (1190–1450 ppm). The mica from the Tm-5 sample contained the highest
concentrations of Mn, Fe, Zn, Ge, Rb, Zr, Ba, Hf, Ta, Tl. The Zr concentrations for
the Tm-2 and Tm-5 were, however, identical. The Ta in the Tm-5 sample were the
highest measured from the muscovite with concentration averages twice as high
compared to the Tm-2 and Al-5 sample and ten times as high compared to the Al-4
sample.
There is a clear division between the two pegmatite bodies according to the Al/Ga –
Ga plot of the trace-elements in the K-feldspar (Figure 50). The K-feldspar from the
Tamanduá pegmatite body appears to be enriched in Ga (Table 13).
Figure 50. The figure shows the clear grouping of the Al/Ga over Ga in the K-feldspar between the
Altim and Tamanduá pegmatite bodies. The higher Ga values representing a more evolved pegmatite.
Scandium appears to have a strong correlation with the concentration of Li, Mg, Ti,
Mn, (Zr, weak correlation), Nb, Hf, Ta and W in the muscovite samples while there is
a negative correlation between the concentration of Sc and B (Table 14).
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The Altim and Tamanduá pegmatite bodies appear to be quite equally fractionated
with the Tamanduá pegmatite being slightly more fractionated according to the K/Cs
over Rb and K/Rb over Cs plots from the muscovite and K-feldspar analyses (Figure
51).
Figure 51. The figures show the fractionation behaviour in muscovite and K-feldspar. The majority of
points appear to settle in the Barren pegmatite field while some are in the Beryl-type pegmatite field.
The Av. Rb and Cs are ppm values of the elements.
K/Rb over Rb plots of the K-feldspars from the pegmatite bodies show a clear division
between the two pegmatite bodies. K/Rb are often used to indicate fractionation degree
of pegmatites due to the sensitivity of igneous differentiation (Figure 52, Larsen,
2002).
Figure 52. K/Rb over Rb plots show the placement of several pegmatites from several locations and the
placement of Altim and Tamanduá among them. The plot is from Larsen (2002).
Ta  over  Cs  plots  for  the  muscovite  values  from  Altim  and  Tamanduá  places  the
Tamanduá pegmatite body mostly over the threshold (II) of significant Ta
mineralization in ta pegmatite. While the Altim pegmatite is mostly in zone IV and
zone I (Figure 53). The plot stands in agreement with known mineralizations of
columbite-tantalite from Tamanduá.
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Figure 53. The figure shows the distribution of Ta over Cs for muscovites from Altim and Tamanduá. I
(older) and II (newer) are the proposed thresholds for pegmatites with significant Ta mineralization
while III and IV represent late and early micas respectively from Oyarzabal and Perino (2009).
Most of the fractionation indicative elements (Li, Mn, Ga, Rb, Ta and Tl) and ratios
(K/Rb, K/Tl, Fe/Mn and Al/Ga) in the muscovite from the Altim and Tamanduá
pegmatite show evidence which according to Shaw et al. (2016) is indicative of the
Tamanduá pegmatite being more fractionated than the Altim pegmatite body (Table
10, Table 11). All but Sn, Cs and partly Ga support this statement.
Table 10. In highly fractionated pegmatites the concentration of the listed elements increases (Shaw et
al., 2016). The listed elements are the average concentrations from the muscovites from the Altim and
Tamanduá pegmatite bodies.
Sample (ppm average) Li Mn Ga Rb Sn Cs Ta Tl
Al-4 63 151 107 923 240 55.2 9.8 3.24
Al-5 108 149 127 950 134 30.4 44.6 2.94
Tm-2 310 343 140 2120 16.5 13.5 68.3 9.06
Tm-5 137 517 125 3500 28.7 31.0 132 16.3
Table 11. The table shows fractionation indicative elemental ratios. The fractionation degree is higher
for the muscovites with lower ratios of the listed elements (Shaw et al., 2016).
Sample (ratios) K/Rb K/Cs K/Tl Fe/Mn Al/Ga
Al-4 109 1750 28800 55.9 1860
Al-5 109 14500 35700 64.8 1460
Tm-2 41.9 6600 9800 27.5 1340
Tm-5 24.4 2750 5240 22.9 1470
The Nb/Ta ratios measured from the mica samples showed large variations between
the localities and between grains within the sample itself. The Al-4 sample had
muscovite with average Nb/Ta abundance ratios of 2.4 and 10.5 depending on the
measured muscovite grain. The Al-5 sample showed average Nb/Ta variation between
grains of 3.7 and 18.6. The Tamanduá samples showed in general much lower average
Nb/Ta ratios of 3.7 and 1.8 for Tm-2 and Tm-5 respectively.
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Table 12. Element analysis of plagioclase, Albite-Anorthite series (Na[AlSi3O8]-Ca[Al2Si2O8]) grains. The values were determined by using the Si values gained from
measurements from the EPMA and using the Si ppm as the internal standard for rest of the elements in the albite minerals found in the samples Al-4, Al-5, Tm-2 and Tm-5.
Values have been rounded for ease of read to contain three significant digits and values of ≥10000 have been rounded to nearest hundred.
Sample Grain Li Be B Na Mg Al Si P K Ca42 Ca44 Sc Ti Mn Fe Cu Zn Ga Ge As
Al_4 Ab 0.25 0.76 1.32 87800 3.67 108600 321700 326 718 164 245 0.55 0.64 1.04 5.37 2.54 n/a 16.1 4.37 n/a
Al_4 Ab 0.26 0.81 1.35 87200 2.82 109900 321700 505 585 237 315 0.53 n/a 1.34 7.28 2.77 n/a 15.5 4.65 0.37
Al_4 Ab 0.37 1.50 1.39 86000 5.80 111000 321700 749 955 539 574 0.47 0.38 2.52 13.8 2.94 0.26 8.00 3.75 n/a
Al_4 Ab 0.45 1.74 4.46 87000 3.86 111300 321700 817 854 610 667 0.44 0.48 2.58 10.2 2.85 n/a 12.7 4.44 0.47
Al_4 Ab n/a 3.13 1.07 86500 0.99 107600 320600 394 973 379 452 0.48 0.39 n/a n/a 2.53 n/a 17.1 4.18 n/a
Al_4 Ab n/a 2.65 0.89 87000 1.26 107900 320600 392 985 428 480 0.47 0.45 1.36 4.06 2.62 n/a 17.7 4.37 0.28
Al_4 Ab 0.05 3.07 1.06 86900 1.11 110200 320600 402 1230 515 559 0.44 0.31 0.38 5.34 2.35 n/a 17.2 4.36 n/a
Al_4 Ab3 0.14 6.63 8.07 80900 0.55 99400 299900 578 1570 2690 2770 0.46 2.52 9.68 9.80 2.17 n/a 16.6 4.83 n/a
Al_4 Ab3 0.09 6.36 2.73 81800 0.25 99500 299900 636 1500 2430 2550 0.47 2.32 8.45 11.6 2.14 n/a 17.7 5.54 n/a
Al_5 Ab1 3.02 3.13 2.16 86500 2.57 102200 324400 194 766 1200 1040 0.35 0.46 4.97 28.3 4.96 n/a 16.4 11.6 18.2
Al_5 Ab1 0.65 2.96 2.26 86500 n/a 102800 324400 260 556 1020 939 0.27 0.72 1.42 27.5 2.65 n/a 14.4 3.69 n/a
Al_5 Ab2 0.39 3.04 8.82 86900 5.19 104900 323700 210 391 1500 1510 0.36 0.69 1.01 36.0 2.48 n/a 14.9 3.08 n/a
Al_5 Ab2 n/a 3.62 2.25 87300 2.47 105700 323700 158 618 1480 1550 0.35 1.14 0.66 14.5 2.81 n/a 15.7 3.33 n/a
Al_5 Ab4 n/a 5.17 1.31 83200 n/a 104700 316900 251 834 2380 2270 0.27 0.81 0.77 11.1 2.22 n/a 13.8 3.01 0.54
Al_5 Ab4 0.06 5.68 1.32 83900 6.98 107900 316900 163 1200 2600 2600 0.29 0.29 1.14 65.9 2.44 n/a 12.9 3.82 n/a
Tm_2 Ab2 0.26 3.24 1.52 81300 12.1 101100 319900 228 5430 1900 1970 0.45 2.66 1.41 110 2.76 n/a 16.7 3.22 n/a
Tm_2 Ab2 n/a 4.83 1.69 84000 0.25 105300 319900 270 1400 2200 2390 0.49 1.22 n/a 12.1 2.39 n/a 12.6 8.65 2.99
Tm_5 Ab1 0.18 8.41 3.67 78700 n/a 103300 310300 1400 1050 4800 2870 n/a 3.12 6.8 11.2 0.74 n/a 15.8 6.32 n/a
Tm_5 Ab1 0.56 9.29 7.26 78700 19.7 104600 310300 1160 1900 5100 4780 0.27 3.69 13.3 54.5 2.81 n/a 17.3 9.78 n/a
Tm_5 Ab2 0.59 10.7 8.36 79500 0.16 104100 311700 1100 1500 5600 5520 0.31 3.79 3.44 5.38 2.30 n/a 17.8 6.81 0.66
Tm_5 Ab2 2.21 7.53 3.24 82200 0.22 104100 311700 1100 763 2970 3050 0.37 2.65 1.03 5.74 2.37 0.54 17.0 7.70 n/a
72
Table 12. (Continued)
Sample Grain Rb Sr Y Zr Nb Mo Cd In113 In115 Sn Sb Cs Ba Hf Ta W Tl Pb Bi U
Al_4 Ab 0.50 4.09 0.17 0.01 n/a n/a n/a 0.52 n/a n/a n/a 0.08 4.76 n/a 0.02 n/a n/a 9.14 5.99 0.03
Al_4 Ab 0.59 6.62 0.26 0.01 0.01 n/a n/a 0.55 n/a n/a 0.10 0.09 9.12 n/a 0.01 0.03 n/a 8.12 10.1 0.05
Al_4 Ab 0.49 7.66 0.16 0.03 n/a n/a 0.52 n/a n/a n/a n/a 0.04 6.18 0.02 0.02 0.03 n/a 10.6 5.82 0.04
Al_4 Ab 1.30 7.53 0.19 0.02 0.01 n/a n/a n/a n/a n/a n/a 0.12 7.94 n/a 0.02 0.08 n/a 8.37 7.15 0.04
Al_4 Ab 0.35 5.06 0.04 n/a n/a n/a 0.71 n/a n/a 0.09 n/a 0.03 2.24 n/a n/a n/a n/a 8.26 1.41 0.01
Al_4 Ab 0.28 4.63 0.01 n/a n/a 0.02 n/a n/a n/a 0.11 n/a 0.03 1.01 n/a n/a n/a n/a 7.89 0.39 n/a
Al_4 Ab 0.35 5.59 0.01 n/a n/a n/a n/a n/a n/a 0.13 n/a 0.02 0.91 n/a 0.01 n/a n/a 8.67 0.40 n/a
Al_4 Ab3 0.24 9.59 0.01 n/a 0.00 n/a n/a 0.46 n/a 1.46 n/a 0.01 1.61 n/a n/a n/a n/a 7.44 0.24 n/a
Al_4 Ab3 0.23 8.94 n/a n/a 0.00 n/a n/a n/a 0.01 1.36 n/a 0.01 1.29 n/a n/a n/a n/a 6.78 n/a n/a
Al_5 Ab1 2.13 33.5 0.07 0.05 n/a n/a n/a 2.62 1.30 n/a n/a 0.03 2.57 n/a 0.02 n/a n/a 5.82 0.02 0.42
Al_5 Ab1 n/a 44.0 0.04 n/a 0.01 n/a n/a n/a n/a n/a n/a 0.04 3.83 n/a 0.01 n/a n/a 4.31 0.04 0.00
Al_5 Ab2 0.44 47.5 0.02 n/a 0.02 n/a n/a n/a n/a n/a n/a 0.04 5.37 n/a 0.02 n/a n/a 6.52 0.04 0.03
Al_5 Ab2 3.27 50.8 0.00 n/a 0.24 0.12 n/a n/a 0.04 n/a n/a 0.03 3.32 0.00 0.01 n/a n/a 7.05 0.04 0.00
Al_5 Ab4 0.11 38.7 0.00 n/a n/a n/a n/a n/a 0.00 0.15 n/a 0.01 9.29 n/a n/a n/a n/a 9.04 n/a n/a
Al_5 Ab4 0.17 47.5 n/a 0.03 n/a n/a n/a n/a n/a 0.15 n/a n/a 5.33 n/a 0.01 n/a 0.01 9.19 n/a n/a
Tm_2 Ab2 58.3 23.7 0.05 0.13 0.08 n/a n/a n/a n/a n/a n/a 0.29 106 n/a 0.05 n/a 0.70 13.7 0.17 n/a
Tm_2 Ab2 0.86 30.0 n/a n/a n/a n/a n/a n/a n/a 0.12 n/a 0.28 9.31 n/a n/a n/a n/a 11.9 4.00 n/a
Tm_5 Ab1 1.03 4.53 n/a n/a n/a n/a n/a n/a n/a 0.10 n/a 0.03 1.64 n/a 0.01 n/a n/a 21.8 n/a 0.01
Tm_5 Ab1 11.9 4.40 0.12 n/a 0.02 n/a n/a n/a n/a 0.19 n/a 0.21 2.48 n/a 0.01 n/a 0.10 38.8 0.05 0.38
Tm_5 Ab2 7.68 3.95 0.03 n/a n/a n/a n/a 0.73 0.00 0.46 n/a 0.53 1.13 n/a 0.00 n/a 0.06 19.4 n/a n/a
Tm_5 Ab2 0.36 7.94 0.02 n/a n/a n/a n/a n/a n/a n/a n/a 0.25 1.00 n/a 0.01 n/a n/a 14.2 n/a n/a
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Table 13. Element compositions of the K-feldspar (K[AlSi3O8]) grains. The values were determined by using the Si values gained from measurements from the EPMA and using
the Si ppm as the internal standard for rest of the elements in the K-feldspar minerals found in the samples Al-4 and Tm-2. Values have been rounded for ease of read to contain
three significant digits and values of ≥10000 have been rounded to nearest hundred.
Sample Grain Li Be B Na Mg Al Si P K Ca42 Ca44 Sc Ti Mn Fe Cu Zn Ga Ge As
Al_4 Kspar 0.75 1.43 1.40 1150 19.3 110400 317600 1140 144000 417 499 0.40 0.45 12.7 188 1.37 0.72 18.3 5.64 n/a
Al_4 Kspar 1.93 1.68 4.15 1120 29.7 110800 317600 1720 144200 1700 1780 0.35 2.19 123 353 1.29 1.23 20.8 5.28 0.26
Al_4 Kspar 0.49 1.57 1.24 1160 19.8 110400 317600 1080 145700 339 423 0.40 0.40 10.9 199 1.15 1.04 22.1 5.42 0.40
Al_4 Kspar 0.50 2.18 2.63 1180 23.3 111400 317600 2250 147200 2560 2620 0.41 0.85 265 289 1.54 1.18 17.8 5.55 0.59
Al_4 Kspar 1 0.17 n/a 4.26 923 14.8 97600 295700 163 138500 n/a 34 0.51 0.57 1.9 54.1 0.24 n/a 17.8 2.68 n/a
Al_4 Kspar 1 1.48 n/a 2.20 987 4.60 97000 295700 151 139100 n/a 151 0.44 0.42 n/a 38.6 0.16 n/a 16.0 2.74 n/a
Tm_2 Kspar 1 4.14 1.76 2.23 7180 4.43 96700 301600 748 123200 n/a n/a 0.23 7.68 22.2 45.2 0.22 1.92 124 4.15 n/a
Tm_2 Kspar 1 4.98 2.80 2.37 7180 4.34 106400 321100 761 133900 n/a 74 0.30 8.69 24.9 51.9 0.31 1.08 129 4.70 n/a
Tm_2 Kspar 2 1.54 1.95 4.19 4760 14.5 100000 302000 645 130000 103 399 0.50 9.27 17.4 106 0.51 2.50 158 4.57 1.03
Tm_2 Kspar 1 1.48 1.96 2.15 5360 6.54 100300 301600 410 129000 76 318 0.44 4.78 10.8 47.4 0.32 2.37 196 8.38 n/a
Table 13. (Continued)
Sample Grain Rb Sr Y Zr Nb Mo Cd In113 In115 Sn Sb Cs Ba Hf Ta W Tl Pb Bi U
Al_4 Kspar 1140 24.7 0.79 0.00 n/a 0.02 0.89 0.77 n/a n/a 0.09 12.9 117 n/a 0.01 n/a 6.07 7.38 32.3 0.01
Al_4 Kspar 1120 41.1 0.67 n/a 0.01 n/a 0.73 0.52 0.01 0.90 n/a 13.6 155 n/a 0.01 0.02 5.97 5.72 8.70 0.02
Al_4 Kspar 1130 32.5 1.54 n/a n/a n/a 0.55 0.44 n/a 0.15 n/a 12.8 226 n/a 0.01 0.04 5.87 14.8 46.2 0.06
Al_4 Kspar 1180 46.7 0.90 0.01 0.00 n/a n/a 0.38 0.00 1.00 n/a 16.4 116 n/a 0.01 n/a 6.02 17.3 30.6 0.11
Al_4 Kspar 1 1010 0.48 0.18 0.01 0.02 n/a n/a n/a n/a n/a n/a 8.66 166 n/a 0.03 n/a 4.94 0.71 n/a 0.01
Al_4 Kspar 1 1050 1.81 0.56 n/a n/a n/a n/a n/a n/a 0.13 n/a 8.95 152 n/a 0.02 n/a 5.42 0.71 1.27 n/a
Tm_2 Kspar 1 2050 69.6 0.03 0.02 0.01 n/a n/a n/a 0.02 3.17 n/a 11.0 1299 n/a 0.04 n/a 14.8 74.8 n/a n/a
Tm_2 Kspar 1 2040 82.7 0.03 n/a n/a n/a n/a n/a 0.01 2.56 n/a 12.7 1445 0.01 0.05 n/a 14.9 97.5 n/a n/a
Tm_2 Kspar 2 1670 131 4.52 0.07 0.05 n/a n/a n/a n/a 1.30 n/a 9.04 1956 0.02 0.07 n/a 12.5 211 1.38 0.02
Tm_2 Kspar 1 1680 67.4 0.08 0.03 0.01 n/a n/a n/a 0.00 0.75 n/a 178.0 2559 n/a 0.04 n/a 12.1 124 0.27 0.01
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Table 14. Elemental compositions of the Muscovite (KAl2[AlSi3O10][OH]2) grains. The values were determined by using the Si values gained from measurements from the
EPMA and using the Si ppm as the internal standard for rest of the elements in the muscovite minerals found in the samples Al-4, Al-5, Tm-2 and Tm-5. Values have been
rounded for ease of read to contain three significant digits and values of ≥10000 have been rounded to nearest hundred.
Sample Grain Li Be B Na Mg Al Si P K Ca42 Ca44 Sc Ti Mn Fe Cu Zn Ga Ge As
Al_4 Ms1-1 242 89.6 185 6500 133 195200 210500 1680 87400 110 145 0.35 78.4 40.4 1390 3.45 18.5 113 6.64 0.87
Al_4 Ms1-2 20.8 27.0 174 4100 120 194100 210500 100 92900 67.5 74.5 0.33 45.0 47.9 3310 0.48 22.4 135 4.96 n/a
Al_4 Ms1-3 8.13 30.9 160 3700 111 191700 210500 203 93800 n/a 46.0 0.21 44.7 76.0 4510 0.15 37.8 131 5.32 n/a
Al_4 Ms3 45.8 20.0 151 2560 2020 188800 213900 76.0 92100 n/a 83.0 2.24 442 245 12300 0.56 81.0 113 5.59 0.24
Al_4 Ms3 50.4 20.8 118 2860 2300 186000 213900 94.9 91200 48.2 106 1.97 786 201 11800 0.77 83.6 116 5.04 n/a
Al_4 Ms3 47.9 18.5 137 2330 2210 185000 213900 66.0 91400 75.5 110 2.53 501 258 13400 1.14 81.2 121 5.54 n/a
Al_4 Ms4 52.8 18.5 96.8 4600 2180 187200 210200 99.0 87300 n/a 61.6 0.78 244 172 10200 0.52 72.2 78.8 4.49 n/a
Al_4 Ms4 54.0 18.8 96.5 4700 2120 188100 210200 99.2 87100 n/a 51.3 0.79 237 167 9900 0.36 73.5 79.4 4.58 n/a
Al_4 Ms4 46.3 18.5 109 4470 1830 185100 210200 109 87050 97.3 121 1.01 267 156 9510 1.70 68.9 71.9 3.60 n/a
Al_5 Ms1 102 23.3 76.4 5590 3010 167100 213500 583 86300 521 n/a 3.97 538 228 11700 n/a 65.2 83.8 5.08 n/a
Al_5 Ms1 95.4 21.0 120 5720 2520 159600 213500 442 83300 924 n/a 7.22 692 197 10100 n/a 65.4 120 4.20 n/a
Al_5 Ms2 125 12.0 65.6 6170 2980 155500 214200 307 82900 948 151 26.3 1840 115 9310 0.46 42.7 138 1.94 0.80
Al_5 Ms2 152 12.2 67.3 6470 3250 170000 214200 265 87200 n/a n/a 27.9 2010 118 10100 n/a 45.6 150 2.28 n/a
Al_5 Ms6 75.9 18.5 63.6 6600 2530 180800 213800 203 87800 n/a n/a 7.83 678 158 9150 0.32 50.9 104 3.08 n/a
Al_5 Ms6 89.0 22.4 41.8 7780 2630 176500 213800 213 88300 n/a 58.9 8.68 771 155 9590 n/a 56.6 122 3.42 n/a
Tm_2 Ms4 368 12.0 29.3 5880 4680 179900 212400 219 87200 n/a 31.8 17.9 1190 327 8810 0.21 82.6 136 4.53 n/a
Tm_2 Ms4 380 12.7 28.9 5800 4780 180500 212400 209 86000 n/a 68.3 17.8 1190 345 9120 0.16 83.2 133 4.40 n/a
Tm_2 Ms7 246 21.0 40.7 4630 4660 193900 214000 231 91300 n/a 82.6 18.6 1380 348 10020 0.35 65.7 144 4.66 n/a
Tm_2 Ms7 247 19.9 38.8 5050 4630 195700 214000 229 90700 n/a 104 19.0 1450 352 9800 0.35 65.6 145 5.12 n/a
Tm_5 Ms1 126 19.7 61.0 5840 3210 176200 212700 342 84700 n/a n/a 5.02 803 587 11900 0.21 119 124 6.96 n/a
Tm_5 Ms1 152 19.4 61.3 5953 3390 176800 212700 315 83700 n/a 45.4 4.99 808 564 11700 0.21 117 124 6.30 n/a
Tm_5 Ms1 119 20.7 64.3 4620 3210 187600 215800 319 88100 n/a 46.0 4.80 759 418 11300 0.15 165 122 6.79 n/a
Tm_5 Ms2 133 21.5 64.3 5610 3460 192500 215800 311 85700 n/a 64.1 4.93 778 434 11400 0.21 180 124 6.43 n/a
Tm_5 Ms2 151 19.9 61.9 5880 3590 182300 212400 267 84600 n/a 84.0 5.16 836 544 12000 0.24 125 127 6.58 n/a
Tm_5 Ms2 144 19.7 63.4 5980 3460 181800 212400 267 84500 n/a 69.7 5.40 831 554 11900 0.24 119 127 6.58 n/a
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Table 14. (Continued)
Sample Grain Rb Sr Y Zr Nb Mo Cd In113 In115 Sn Sb Cs Ba Hf Ta W Tl Pb Bi U
Al_4 Ms1 498 3.62 0.07 0.40 1.06 0.03 n/a n/a 1.06 257 0.21 46.6 22.3 0.04 0.55 5.37 2.30 22.4 0.36 n/a
Al_4 Ms2 536 1.15 0.01 0.07 0.71 n/a n/a 0.83 0.36 86.7 n/a 29.4 38.9 n/a 0.32 4.52 2.43 4.21 0.09 n/a
Al_4 Ms3 662 0.66 n/a 0.03 0.25 n/a n/a n/a 0.67 153 n/a 46.6 40.3 n/a 0.09 6.13 2.82 3.45 n/a n/a
Al_4 Ms3 1120 0.77 0.01 0.24 115 n/a n/a 0.66 1.09 257 n/a 58.2 170 0.03 11.0 23.1 3.48 1.40 0.03 0.01
Al_4 Ms3 1070 0.60 n/a 0.50 200 0.02 0.61 n/a 1.42 321 n/a 63.8 94.9 0.09 19.9 28.7 3.34 1.41 0.13 0.01
Al_4 Ms3 1180 0.82 0.00 0.26 120 n/a n/a n/a 1.17 269 0.07 58.2 134 0.05 10.6 27.6 3.81 1.63 0.17 0.01
Al_4 Ms4 1090 0.76 0.00 0.38 182 n/a n/a 0.5 1.16 282 n/a 65.2 87.2 0.04 17.1 18.6 3.69 1.51 n/a n/a
Al_4 Ms4 1090 0.76 0.00 0.35 186 0.02 0.6 n/a 1.23 287 n/a 68.4 89.6 0.03 17.5 19.0 3.67 1.47 n/a n/a
Al_4 Ms4 1060 1.05 n/a 0.46 112 n/a n/a n/a 1.06 243 n/a 60.2 87.2 0.07 11.5 16.1 3.60 1.61 0.09 n/a
Al_5 Ms1 1630 2.76 n/a 0.46 294 n/a n/a n/a 1.44 337 n/a 119 196 0.14 84.9 33.1 5.25 2.30 n/a n/a
Al_5 Ms1 1510 2.07 n/a 0.60 265 n/a n/a n/a 1.02 230 n/a 47.0 250 0.10 68.4 24.9 4.54 4.49 1.65 n/a
Al_5 Ms2 584 3.13 0.02 1.35 457 n/a n/a n/a 0.43 52.6 n/a 3.56 544 0.15 21.8 59.2 1.84 2.81 0.01 n/a
Al_5 Ms2 619 3.40 n/a 1.38 481 0.02 n/a n/a 0.46 55.6 n/a 3.75 580 0.14 22.7 57.7 1.81 2.98 0.02 n/a
Al_5 Ms6 630 1.10 0.00 0.73 526 n/a n/a n/a 0.30 55.3 n/a 4.14 109 0.08 29.5 27.6 1.73 1.52 0.01 n/a
Al_5 Ms6 725 0.77 0.01 0.78 582 n/a n/a n/a 0.30 75.4 n/a 5.28 142 0.11 40.4 37.7 2.47 2.06 n/a n/a
Tm_2 Ms4 2145 2.02 0.01 1.60 223 n/a n/a n/a 0.22 9.99 n/a 13.9 277 0.35 58.6 17.9 9.04 2.38 n/a n/a
Tm_2 Ms4 2110 1.98 0.01 1.53 221 0.03 n/a n/a 0.20 10.2 n/a 13.9 276 0.38 59.4 18.3 9.06 2.35 n/a n/a
Tm_2 Ms7 2120 3.12 0.01 1.80 278 0.04 n/a n/a 0.26 23.2 n/a 13.4 369 0.46 76.5 21.6 9.08 3.27 0.02 n/a
Tm_2 Ms7 2100 3.27 0.01 1.82 295 0.01 n/a n/a 0.23 22.6 n/a 12.8 379 0.39 78.8 20.8 9.05 3.14 n/a n/a
Tm_5 Ms1 3450 0.08 n/a 1.79 233 0.05 n/a n/a 0.21 28.3 n/a 29.3 3.46 0.52 127 17.1 16.2 1.42 0.01 n/a
Tm_5 Ms1 3500 0.08 0.00 1.71 235 0.03 n/a n/a 0.21 28.6 n/a 30.0 3.10 0.47 128 17.9 16.1 1.36 0.01 n/a
Tm_5 Ms1 3470 0.46 n/a 1.65 232 0.03 n/a n/a 0.22 28.9 n/a 30.5 9.72 0.42 135 15.4 16.2 1.67 n/a n/a
Tm_5 Ms2 3490 0.16 n/a 1.80 238 0.04 n/a n/a 0.20 28.4 n/a 29.8 4.47 0.54 140 16.8 16.2 1.41 n/a 0.00
Tm_5 Ms2 3580 0.18 0.00 1.80 243 0.03 n/a n/a 0.20 28.9 n/a 34.0 3.81 0.50 131 18.1 16.7 1.45 0.74 n/a
Tm_5 Ms2 3510 0.10 0.00 1.68 239 0.03 n/a 10.6 0.19 28.9 n/a 32.3 3.46 0.49 129 17.9 16.2 7.11 n/a n/a
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6.4. Quartz analysis
Quantification of the quartz trace-element compositions was done from the FI ablation
signals. The quartz showed relatively high values of Li, Be, B, Na, Al, S, K and Ca.
The  observed  high  concentrations  of  S  is  due  to  some  form  of  contamination  or
polyatomic interference and has therefore been left out from the tables. The S/Si ratio
would increase as the ablation proceeded while all other elements would decrease due
to the downhole fractionation effect.
There is a significant difference in some of the elements between the quartz from the
different zones. Most notably a difference between the miarolitic quartz samples and
the earlier developed zones (I-IV).
The quartz shows an increase in the content of Li and Al as one progresses from the
edges of the pegmatite body (zone I) towards the quartz core (Figure 54). There is,
however, a break in this pattern for the euhedral quartz crystals where the Al-1 sample
has a significantly lower amount of Li and Al while the Al-6 show significantly
elevated values of the elements. Al-1 and Tm-8 have identical behaviours in this
regard. The question is whether the Al-6 is a primary signal since it follows the pattern
of increased contents and are the Al-1 and Tm-8 samples only earlier developed
miarolitic cavities in the pegmatite where the crystals have been able to grow freely.
The two pegmatite bodies appear to have distinctively different contents of Li and Al
in the quartz showing significantly higher values especially of Li in the Altim samples
(up to 4 orders of magnitude) (Figure 54). This observation is, however, apparently a
typical feature in pegmatite as indicated by Cullum (1997) with the composition of the
quartz changing drastically even between adjacent pegmatites. The two bodies do,
however, have amounts of Li and Al that exceed the amounts listed by London (2008)
with amounts of Al exceeding 1000 ppm (Al-6 11–2011ppm [Table 16] with average
Al of 530ppm [Table 15]) and Li exceeding 300 ppm (Al-6 11–420 ppm [Table 16]
with average Li of 120ppm [Table 15]) in some samples. The two pegmatite localities
have very similar contents of Al and Li in their equivalent zones. But the euhedral
quartz  of  the  Al-6  has  significantly  higher  Al  and  Li  values  than  the  Tm-8 or  Al-1
(Table 15).
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Table 15. The avg. values of Li and Al for common zones show relatively similar values however, the
Al-6 sample shows distinctly different values compared to the other M quartz samples Al-1 and Tm-8b.
Zone Sample Li Al Sample Li Al Sample Li Al
M Al-1 0.98 5.74 Tm-8b 1.98 5.11 Al-6 118 530
IV Al-2 22.7 151 Tm-7 23.1 256 - - -
III Al-3 12.8 119 - - - - - -
II Al-4 7.57 105 Tm-5 10.8 153 - - -
I Al-5 8.71 86.5 Tm-2 5.73 85.2 - - -
Tm-5 has high values of Cs and Pb. Cs being distinctively higher in the Tamanduá
quartz sample Tm-5 than in the Altim samples. The sample does have considerable
amounts of muscovite which might reflect in the elevated Cs and K in the quartz.
The  quartz  in  the  Tm-8b  sample  is  highly  depleted  of  any  kind  of  elements  only
showing minute amounts of Na and Ca and only ~1 ppm of Al. The quartz is devoid
of any kind of impurities which caused the quartz to not ablate at all.
The Al-1 is depleted in B while the amount of B is elevated for the Al-6 samples. B
increases in the quartz from the zones I to IV but the amount of B is significantly lower
in the miarolitic quartz (Figure 54).
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Figure 54. The figures show the elemental abundances (ppm)of Li, Be, B, Na, Mg, Al, Rb, Sr, Cs, Ba,
Nb, Ta, Tl and Pb for the quartz samples from Altim and Tamanduá. The x-axis represents the different
samples.
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Table 16. The average abundances (ppm) of elements of the quartz. The quartz signal was gained from the FI laser ablation (quartz background) when there was no
indication of influence from the FI content. Values have been rounded for ease of read to contain three significant digits and values of ≥10000 have been rounded to nearest
hundred.
Sample FIA Li7 Be9 B11 Na23 Mg24 Al27 K39 Ca44 Mn55 Fe57 Cu63 Zn66 Rb85 Sr88 Nb93 Cs133 Ba137 Ta181 Tl205 Pb208
Al_1a FIA 01 2.35 n/a 0.14 58.0 1.38 8.42 7.72 134 1.74 7.67 n/a 1.08 0.17 1.70 0.01 0.28 0.43 0.01 0.02 0.19
Al_1a FIA 02 8.24 n/a 0.03 0.18 0.02 50.8 n/a 77 n/a n/a n/a 0.03 n/a 0.00 n/a n/a n/a n/a 0.00 0.02
Al_1a FIA 04 1.41 n/a n/a 0.20 0.26 8.75 n/a 116 n/a n/a n/a 0.13 n/a 0.00 0.00 0.00 n/a n/a n/a 0.08
Al_1a FIA 05 0.75 n/a 0.22 67.2 1.10 2.57 29.4 104 3.66 7.25 0.67 1.58 0.18 1.64 n/a 0.26 0.72 0.00 0.00 0.29
Al_1a FIA 07 n/a n/a n/a n/a n/a 0.95 n/a 102 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Al_1a FIA 09 0.04 n/a 0.04 1.11 0.02 1.32 0.35 112 0.09 n/a 0.01 0.07 0.01 0.06 n/a 0.01 0.08 n/a n/a 0.02
Al_1a FIA 11 n/a n/a n/a n/a 0.01 0.83 n/a 116 n/a n/a n/a 0.10 n/a 0.00 n/a n/a n/a n/a n/a 0.01
Al_1a FIA 13 0.13 n/a n/a n/a n/a 1.59 n/a 102 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Al_1b FIA 01 0.01 n/a n/a 0.74 0.00 0.83 0.20 99 n/a n/a n/a 0.07 0.01 0.01 n/a 0.01 0.01 n/a n/a 0.02
Al_1b FIA 04 0.14 n/a n/a n/a n/a 2.67 n/a 71 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Al_1b FIA 05 0.12 n/a 0.07 2.90 0.01 0.97 0.22 94 n/a n/a n/a 0.08 0.01 0.01 n/a 0.00 0.01 n/a n/a 0.01
Al_1c FIA 05b 0.05 n/a n/a 0.53 0.01 1.93 n/a 99 n/a n/a n/a 0.23 n/a 0.03 n/a 0.01 0.02 n/a n/a 0.02
Al_1c FIA 05c 0.06 n/a n/a 0.66 n/a 1.68 n/a 113 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 0.03
Al_1c FIA 06 0.19 n/a n/a n/a 0.03 3.25 n/a 98 n/a n/a n/a n/a n/a 0.00 n/a n/a n/a n/a n/a 0.01
Al_1c FIA 07a 0.18 n/a n/a 0.85 0.03 2.92 0.32 84 n/a n/a n/a 0.12 n/a 0.05 n/a 0.01 n/a n/a n/a 0.01
Al_1c FIA 07b 0.09 n/a n/a 2.42 n/a 2.37 n/a 80 n/a n/a n/a n/a n/a 0.03 n/a n/a n/a n/a n/a n/a
Al_2 FI 04 23.0 0.36 1.73 2.91 0.07 144 n/a 113 n/a n/a n/a 0.68 n/a n/a n/a n/a n/a n/a n/a n/a
Al_2 FI 05 22.8 0.61 1.78 2.69 0.05 150 2.03 109 n/a n/a n/a n/a 0.06 n/a n/a 0.02 n/a n/a n/a n/a
Al_2 FIA 10 22.3 0.73 2.26 3.45 n/a 159 n/a 149 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
Al_3 FI 06 9.50 0.20 0.78 1.14 n/a 86.2 n/a 91 n/a n/a n/a n/a n/a n/a n/a 0.04 n/a n/a n/a n/a
Al_3 FIA 02 13.4 n/a n/a n/a n/a 85.1 n/a 90 n/a n/a n/a n/a n/a n/a n/a 0.08 n/a n/a n/a n/a
Al_3 FIA 04 15.6 0.78 1.30 2.80 0.02 186 4.68 98 0.56 n/a n/a 0.28 0.20 0.12 0.00 0.02 n/a n/a n/a 0.02
Al_4 FI 01 5.1 0.24 0.94 5.76 0.06 100 1.29 90 n/a n/a n/a 0.50 0.03 n/a n/a 0.06 n/a n/a n/a 0.09
Al_4 FI 04 10.1 0.27 0.72 7.21 0.15 111 1.30 98 n/a n/a n/a n/a 0.07 0.13 n/a 0.08 n/a n/a n/a n/a
Al_5 FI 01 8.67 0.25 1.10 4.20 n/a 85.6 n/a 87 n/a n/a n/a n/a 0.06 n/a n/a 0.02 n/a n/a n/a 0.02
Al_5 FI 02 7.49 0.45 1.15 6.35 0.09 83.1 n/a 91 n/a n/a n/a n/a n/a 0.01 n/a 0.02 n/a n/a n/a n/a
Al_5 FIA 01 9.97 0.19 0.99 4.64 0.02 90.7 1.06 98 0.10 n/a n/a 0.07 n/a 0.02 n/a 0.02 0.01 0.00 n/a 0.01
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Table 16. (Continued)
Sample FIA Li7 Be9 B11 Na23 Mg24 Al27 K39 Ca44 Mn55 Fe57 Cu63 Zn66 Rb85 Sr88 Nb93 Cs133 Ba137 Ta181 Tl205 Pb208
AL_6a FIA 01 420 0.02 0.57 4.75 0.01 2010 0.21 89.0 n/a n/a 0.00 0.05 0.01 0.01 n/a 0.01 0.01 n/a 0.01 0.02
AL_6a FIA 02 33.4 n/a 0.12 8.26 0.06 187 1.23 81.5 n/a n/a n/a 0.30 0.04 0.20 n/a 0.08 0.05 n/a n/a n/a
AL_6a FIA 03 122 n/a 1.31 1.13 n/a 685 n/a 72.2 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
AL_6a FIA 04 n/a n/a n/a n/a n/a 7.64 n/a 80.9 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
AL_6a FIA 05 14.0 n/a 0.09 0.48 n/a 71.2 n/a 83.0 n/a n/a n/a 0.04 n/a n/a n/a 0.02 n/a n/a 0.00 0.02
AL_6a FIA 07 154 n/a 0.55 1.80 0.01 686 9.55 80.6 n/a n/a n/a 0.04 0.04 0.02 n/a 0.02 n/a n/a n/a 0.01
AL_6a FIA 07a 172 n/a 0.42 2.52 n/a 738 n/a 85.1 n/a n/a n/a n/a n/a n/a n/a 0.02 n/a n/a n/a n/a
AL_6b FIA 01 157 n/a 0.17 0.42 0.04 701 n/a 78.0 n/a n/a n/a 0.10 n/a 0.00 n/a n/a n/a n/a n/a 0.03
AL_6b FIA 02 70.1 n/a 0.16 0.39 0.02 354 n/a 91.7 n/a n/a n/a 0.16 n/a 0.02 n/a 0.00 0.03 n/a n/a 0.03
AL_6b FIA 03 51.9 n/a 0.30 0.88 0.02 275 n/a 86.1 n/a n/a n/a n/a 0.01 0.00 n/a 0.03 n/a n/a n/a 0.02
AL_6c FIA 01 190 n/a n/a 5.65 n/a 885 n/a 91.1 n/a n/a 0.13 0.05 n/a 0.00 n/a n/a n/a n/a n/a 0.01
AL_6c FIA 02 10.7 0.14 0.07 4.45 0.05 87.2 3.95 108 0.19 n/a n/a 0.09 0.05 0.43 n/a 0.02 1.53 n/a 0.01 0.01
AL_6c FIA 03 49.2 n/a n/a 1.47 n/a 257 n/a 83.4 n/a n/a n/a n/a n/a 0.01 n/a n/a 0.04 n/a n/a 0.02
AL_6c FIA 04 117 n/a 0.69 6.19 n/a 659 3.22 76.9 n/a n/a n/a 0.06 0.06 0.02 n/a 0.08 0.04 0.00 n/a 0.01
AL_6c FIA 05 13.5 n/a 0.03 0.13 n/a 72.4 n/a 86.6 n/a n/a n/a 0.06 n/a 0.00 0.00 0.00 n/a n/a n/a 0.01
AL_6c FIA 06 193 n/a 0.14 0.39 n/a 802 n/a 94.3 n/a n/a n/a 0.05 n/a 0.00 n/a n/a n/a n/a 0.00 0.02
Tm_2 FIA 03 4.26 n/a n/a 4.29 n/a 85.2 n/a 83.6 n/a n/a n/a 0.30 n/a 0.02 n/a 0.03 0.13 n/a n/a n/a
Tm_2 FIA 05 5.73 0.44 0.53 2.20 0.03 113 6.27 92.5 0.32 n/a n/a 0.13 0.07 0.01 0.01 0.04 n/a 0.00 0.04 0.03
Tm_5 FIA 01 9.13 0.49 0.96 5.27 2.93 154 9.88 101 0.58 1.70 n/a 0.25 0.20 0.02 n/a 0.38 0.02 0.00 0.01 0.05
Tm_5 FIA 02 10.6 0.45 0.63 3.06 0.03 164 1.25 77.9 1.28 n/a n/a n/a 0.05 0.01 n/a 0.65 n/a n/a n/a 0.07
Tm_5 FIA 05 8.83 0.32 2.22 17.67 0.09 130 3.06 85.2 0.66 2.52 0.30 0.38 0.10 0.01 0.03 0.48 n/a 0.02 0.02 0.05
Tm_5 FIA 06 14.8 0.39 0.96 3.14 0.26 166 5.68 95.2 1.22 1.27 n/a 0.22 0.26 0.05 0.00 0.55 0.08 0.00 n/a 0.03
Tm_7 FI 02 23.2 0.73 0.74 3.13 0.04 256 0.26 93.1 0.24 n/a n/a 0.25 0.01 n/a n/a 0.02 n/a 0.00 n/a 0.02
Tm_8b FI 01 n/a n/a n/a n/a n/a 1.12 n/a 83.6 n/a n/a n/a 0.07 n/a n/a n/a n/a n/a n/a n/a 0.01
Tm_8b FI 02 n/a n/a 0.03 n/a n/a 1.03 n/a 99.0 n/a n/a 0.01 0.07 0.01 0.00 n/a n/a n/a n/a 0.01 0.02
Tm_8b FI 03 0.03 n/a n/a n/a 0.03 1.16 n/a 81.4 n/a n/a n/a n/a n/a 0.00 n/a n/a n/a n/a 0.00 0.01
Tm_8b FI 06 n/a n/a n/a 0.27 0.01 0.88 0.32 81.3 n/a n/a 0.08 n/a n/a n/a n/a n/a n/a n/a n/a 0.01
Tm_8b FI 10 n/a n/a n/a n/a n/a 1.78 n/a 73.4 n/a n/a n/a 0.13 n/a 0.01 n/a n/a n/a n/a n/a n/a
Tm_8b FI 11 0.02 n/a n/a 0.27 0.00 1.31 n/a 87.2 n/a n/a 0.01 0.14 n/a 0.00 n/a n/a n/a n/a 0.01 0.01
Tm_8b FIA 03 n/a n/a n/a n/a n/a 1.15 n/a 78.3 n/a n/a n/a n/a n/a 0.00 n/a n/a n/a n/a 0.01 0.01
Tm_8b FIA 05 0.05 n/a n/a 0.32 0.00 1.31 0.06 80.4 n/a n/a n/a 0.11 0.01 0.01 n/a 0.01 0.03 n/a 0.00 0.02
Tm_8b FIA 06 7.83 n/a n/a n/a 0.01 36.3 n/a 97.1 n/a n/a n/a n/a n/a n/a 0.00 n/a n/a 0.00 n/a 0.02
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7. DISCUSSION
The main difference observed between the two localities Altim and Tamanduá is; (1)
there is no apparent CO2 in the Altim locality while aqueous-carbonic FI are the
dominant FI found in Tamanduá. (2) The Tamanduá locality the fluid inclusions show
evidence of boiling as a possible mechanism for the deposition and formation of
massive tantalum-columbite ore mineralization while no boiling or separation of fluids
(immiscibility) can be observed in the Altim samples. The boiling as a precipitation
mechanism is based on preferential partitioning of HF into the vapor phase causing
destabilization of Nb-F and Ta-F complexes in the aqueous liquid phase (Timofeev et
al., 2017).
There is no evidence of a shared formational history between the Altim and Tamanduá
body. The Altim samples have some amount of solids (mainly hematite?) in the fluid
inclusions  while  the  Tamanduá  samples  appear  to  contain  no  solids  what  so  ever.
Tamanduá is in general highly volatile rich with poor salinity which means that the
fluids would have poor ability to contain high concentrations of elements. Thus, there
is a low probability that solids would precipitate as the formed FI started to cool. This
is possibly also an indication that the Tamanduá locality pegmatite melt phase would
be less enriched in incompatible elements LILE-Large-Ion Lithophile Elements (K,
Cs, Sr, Ba) and HFSE-High Field Strength Elements (Zr, Nb, Hf, REE, Th, U, Ta) in
contrast the FI in the Tamanduá would be enriched in these elements while they would
be  lower  for  Altim.  This  observation  is  partially  true  for  Nb  and  Ta.  A  combined
average of Nb and Ta over the different zones of both localities show that the amount
of Nb and Ta is highest for the earlier stages of the Tamanduá (and Altim) pegmatite
zones and decreasing towards the later core quartz. But for the Altim locality there
combined Nb and Ta values are low for all zones and the miarolitic quartz with a few
exceptional outliers (Figure 55). However, as there are only few data points of the non-
miarolitic zones the interpretation might not be reliable especially since there is the
highest spread of data points in the earlier zones. Although the observation of highest
Nb and Ta concentrations in the earlier zones is supported by the abundance of
columbite-tantalite detected using SEM-EDS.
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Figure 55. The figure shows the combined average of Nb + Ta over the different localities.
However, due to the large variation and few analysis points from the Tamanduá
locality this observation is unreliable and further analysis of the early stages of the
Tamanduá body would have to be made to further prove this assumption.
Even though the average abundance of the Nb and Ta concentrations are quite low for
most the fluid inclusions some FI do show extreme peaks of Nb and Ta concentrations
up to 33ppm Nb and 5.8 ppm Ta. These extremes would indicate that there are some
form of solids present in the fluid inclusions. This could indicate that the solids which
are present are accidentally trapped during the formation of the FI proving the
formation of columbite-tantalite phases during the formation of the FIA. This would
indicate that the measured concentrations of Nb and Ta are indeed primary features in
the fluid inclusions and the measured concentrations are not necessarily secondary
hydrothermal alterations. Furthermore, the apparent correlations between the
concentrations of Al and the concentrations of Ta and Nb (even though not plotted)
would support the theory of the highest concentrations of these elements in the earliest
zones of the pegmatites. As these zones contain the largest amount of Al-bearing
phases, mica and the feldspars, the crystallization of these phases would cause a drop
in the overall amount of Al in the pegmatite system. However, this is contradictory to
the statement by Thomas et al. (2011) that transportation of Nb, Ta, REE and HFSE is
promoted by highly peralkaline and carbonate-rich melts and fluids the subsequent
formation of Al-bearing phases would cause an increase in the transportation potential
of Nb and Ta. The zone I in pegmatites are characterized by high amounts of mica
resulting in the remaining melt being more peralkaline. The formation of the zone II
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with high amount of K-feldspar and plagioclase with lesser muscovite would cause the
remaining melt to be more peraluminous lowering the transport potential resulting in
the precipitation of columbite-tantalite in the subsequent zone III bordering the zone
IV which is the location of most of the columbite-tantalite found in pegmatites.
The observation of highest Li values with the highest concentrations of Ta agrees with
the  statement  by  Beurlen  et  al.  (2014)  where  the  solubility  of  Ta  increases  in  the
presence of Li and F rich melts. We have not measured the contents of F in the fluid
inclusions and therefore cannot give an estimate of the concentrations of the F and its
effect to the solubility of the Ta.
The Tamanduá pegmatite contains significantly more CO2 in the core and the euhedral
quartz which is evident by the large abundance of aqueous-carbonic fluid inclusion
assemblages. Is this apparent higher content of CO2 only an effect of the emplacement
of the Tamanduá pegmatite body in a shallower environment which would lead to a
significant drop in the solubility of CO2 in the melt/fluids of the pegmatite?
The Altim pegmatite could have possibly been formed in a deeper environment than
the Tamanduá pegmatite body, which would prevent any form of boiling from
happening. A more possible explanation of the difference in the fluid composition is
that the difference is caused due to the evolution of the fluid. In Beurlen et al. (2014)
they described the evolution of pegmatitic fluids as a similar process as seen in the
Tamanduá and Altim. An originally aqueous-carbonic fluid develops over time to a
low salinity aqueous and further into a highly saline aqueous fluid. The higher
calculated entrapment temperatures would support this theory as the Tamanduá
pegmatite body does show higher entrapment temperatures than for the Altim
pegmatite.
 A pressure drop in the Tamanduá body could have possibly enabled hydrothermal
processes (circulation/boiling) to leach certain areas while precipitating precious
minerals in other areas. The almost closed hydrothermal circulation that is happening
at the latest stages of the development of a pegmatite is considered a major factor in
the development of gem minerals and the rare element minerals containing Ta and Nb
(Burnham and Ohmoto, 1981). From earlier we know that temperature drop is an
efficient precipitator of columbite-tantalite but additionally boiling has potentially
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taken place in the Tamanduá pegmatite body which additionally provides a possible
deposition mechanic for the ore bodies.
The presence of beryl in the Altim pegmatite body further suggests that the Altim body
was formed in a deeper environment than the Tamanduá body. The calculated
temperatures however, show that the Altim temperatures would have been lower than
the Tamanduá body.  The lower temperature and higher pressure of the Altim body
would indicate that it would have a higher solubility of CO2. The Altim samples show
no aqueous-carbonic FI this would indicate: (1) that the melt/fluid has been
significantly different and that the Altim melt contained significantly less CO2 or (2)
the Altim pegmatite is more evolved than the Tamanduá, evident by the typical
features of lower temperatures and higher salinities.
The proximity of the rare-element pegmatite bodies to each other would suggest that
the melts could have had the same source or have been formed from the same melt and
that the compositions of the pegmatite forming melts would have been relatively
similar. Does a potential different formation depth between the two bodies form a clear
pressure constraint making it the most significant factor on the solubility of CO2
however, the earlier proven reason of evolution of the pegmatite fluid is the more likely
reason. While the entirely different trace-element pattern further disproves a connected
evolutionary history.
The amount of Li and Al appears to grow higher as one approaches the edges of the
quartz crystals. Is this a later stage metasomatic alteration of the quartz or is it a
primary feature?
The highest concentrations of Zn and Pb correlate with the highest salinities (Figure
29), this is because the metals are transported as chloride complexes and thus the fluid
inclusions with the highest salinities would also have the greatest ability to transport
these elements (Fusswinkel, 2017).
7.1. Altim
The Altim pegmatite body appears to be overall less fractionated as seen in most of
the ratios measured in the fluid inclusions and the mica and feldspars. The Altim could
potentially be an older pegmatite formation than the Tamanduá and therefore be less
fractionated. The Altim would appear to have been emplaced in a deeper environment
than the Tamanduá pegmatite. Could the Altim melt have travelled a larger distance
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from its source at a relative deep environment supporting the lower temperatures,
formation of beryl phase and the more highly evolved fluids?
The formation of hematite daughter phases during the microthermometry experiments
and laser ablation was potentially caused by hydrogen diffusion out of the FI as
hematite becomes the stable iron oxide phase as the fluid inclusion composition
crosses the magnetite-hematite phase boundary (Zolensky and Bodnar, 1982). The
implications  of  potential  hydrogen  diffusion  from  FI  is  that  it  breaks  the  most
significant criteria in FI analysis that there has been no change in the FI after
entrapment. The fact that there might have been change in the FI could invalidate some
of our findings being only secondary events.
7.2. Tamanduá
From earlier we know that temperature drop is an efficient precipitator of columbite-
tantalite but additionally boiling has taken place in the Tamanduá pegmatite body
which additionally provides a possible deposition mechanic for the ore bodies.
The Tamanduá samples show evidence of aqueous-carbonic fluids that have
undergone boiling as there is evidence of fluid immiscibility within fluid inclusions
assemblages.
The Tm-8b quartz contained very few imperfections which could explain the
unfavourable ablation behaviour of the high purity quartz. The near pure quartz as a
target for laser ablation and FI studies proved near impossible to ablate. The laser
seemingly only penetrates the quartz preventing any form of ablation of the quartz.
The laser would then only transfer heat to the FI causing decrepitation from the thermal
expansion without any apparent ablation or poor ablation of the quartz itself. This
would explain the phenomenon experienced with many FI leaking within the first few
shots of the laser ablation.
The muscovite fractionation data shows evidence of the Tamanduá pegmatite being
more highly fractionated than the Altim pegmatite body. But could this only be caused
by the Tamanduá having a different source than the Altim body and thus also the
abundance of elements would be significantly different or is the measured abundances
and calculated ratios indeed a clear indicator of the Tamanduá being the more highly
fractionated of the two pegmatite bodies?
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The Tamanduá pegmatite body appears to be from a more highly fractionated source
than the Altim. The Tamanduá pegmatite body could have possibly formed more
recently at potentially shallower environments from a higher temperature melt,
although the shallower environment (lower P) and higher temperature are slightly
contradictory the potential evidence of boiling. The less evolved aqueous-carbonic
fluids in the Tamanduá does support this theory.
8. CONCLUSIONS
There are three primary sources of error when using LA-ICP-MS in the study of fluid
inclusions; (1) mixed analyses of inclusions; (2) inclusions containing tiny secondary
crystals (tiny precipitates on the inclusion walls); (3) separation of the inclusion signal
from the host mineral signal (Borchert, 2009). A potential source of error might occur
if the correct phases have not been identified in the microthermometry experiments
and hydrohalite melting has been measured as ice melting.
The two rare-element pegmatite bodies appear to have slightly different emplacement
histories with the Altim having been emplaced in a potentially deeper environment and
closer to the source than the Tamanduá body evident by the difference in fluid
inclusions and the different precipitation history of the rare minerals. However, the
homogenization temperatures of 380–420°C for Altim and 460–520°C for Tamanduá
would contradicting with this observation. Though the Tamanduá homogenization
temperature might be slightly incorrect as there is a very few measurements from the
pegmatite body due to the nature of aqueous-carbonic FIs.
The BPP is a challenging study area from a petrologic and metallogenic standpoint
with uncertainties regarding its formation; how to explain the formation of the different
pegmatites within the area; how to identify the source of the pegmatites and the
classification of the pegmatites into fertile and infertile and comparing them to other
pegmatites with clearly defined petrology.
A development path described by Beurlen et al. (2001) from an aqueous-carbonic rich
melt with higher entrapment temperatures to a CO2 poor and further to a CO2 devoid
and hypersaline melt can be described to have been the case for the Altim and
Tamanduá localities. However, it is doubtful that the two bodies are related to each
other in that the Tamanduá locality would have been the earlier developed pegmatite
body while the Altim would represent a later formed stage of the pegmatite melt. The
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two pegmatite bodies have not had a connected evolutionary history and the apparent
continuum in trace-elements is only coincidental. Evidence would indicate that the
Tamanduá pegmatite would be the more highly fractionated of the two pegmatite
bodies.
The two miarolitic quartz samples of the Altim pegmatite body Al-1 and Al-6 appear
to have had different times of formation due to the vastly different trace-element
concentration  in  the  fluid  inclusions  and  of  Li  and  Al  in  the  quartz.  The  Al  and  Li
values in the Al-6 were significantly higher than in the Al-1 sample indicating that the
Al-6 would have been formed earlier in the history of the pegmatite body coinciding
with the pattern of evolution of the Li and Al in quartz of the Altim pegmatite body.
The highest Nb and Ta values appear to be early in the formation of the pegmatite
bodies though the overall concentration of the elements remain very low in general.
The observation of highest average concentration of Nb and Ta in earlier formed zones
of the pegmatites correlates with the zones containing highest concentrations of Al and
Li.
A secondary observation gained by this study is the fact that there is no need for thick-
sections that exceed a thickness of 250µm. Although the miarolitic quartz was for the
most part highly transparent, the increased amount of FI per FIA caused large overlap
over other FIA making the identification of FIAs harder and the measurement and
ablation of FIs more difficult. Furthermore, the any ablation of FI at a depth greater
than 120 µm would cause erratic Si signals and occasionally the FI was never reached
or the breach would have been poor due to the downhole fractionation of the laser
beam as only a small point would at any point penetrate the FI. In the future, I would
recommend against using thicksections of thicknesses exceeding 250–300 µm.
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